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ABSTRACT
Water pollution and energy depletion are two critical issues in the world that limit the
sustainable development of human society. In this study, several advanced (photo)
bioelectrochemical systems (BESs) were proposed for effective energy (electricity and H2) and
nutrients (N and P) recovery from wastewater, solar energy, seawater, and river water. The first
study demonstrated high effectiveness of a novel resource-recovery microbial fuel cell
(RRMFC) for wastewater treatment and nutrient recovery from synthetic urine-containing
wastewater. Over one cycle (∼3 days), 99% of urea, 97% of COD, 99% of histidine, 91% of
creatinine, 99% of sodium acetate, 98% of SO42−, and 99% of PO43− were removed from the
wastewater, and at the same time, 42% of total nitrogen, 37% of PO 43−, 59% of SO42−, and 33%
of total salt were recovered in the middle chamber. The second study explored the possibility
of H2 gas production using microbial electrolysis cells (MECs) configurated with Mo2N
nanobelts cathodes. The H2 production rates (0.39 vs. 0.37 m3-H2/m3/d), coulombic
efficiencies (90% vs. 77%), and overall hydrogen recovery (74% vs. 70%) of MECs with the
Mo2N nanobelt cathodes were comparable to those with Pt/C cathodes but the cost of Mo2N
nanobelt catalyst ($ 31/m2) was much less than that of Pt/C catalysts ($ 1930/m2). Moreover, a
solar microbial electrolysis cell (solar-MEC) with a Fe2O3 photoanode, a bioanode, and a blacksilicon (b-Si) photocathode was proposed for self-sustainable H2 production from wastewater
without external bias in the third study. The solar-MEC achieved a current density of 0.8
mA/cm2 and a H2 production rate of 5.1 µmol/h/cm2 under 1 sun irradiation. In the last study,
a concentration flow cell (CFC) powered by a bioelectrochemical system(bio-CFC) was
xi

developed to recover SG energy from synthetic seawater and river water. The maximum power
density of the bio-CFC reached 42 ± 2 W/m2, which was three times higher than that of a single
CFC (10.6 ± 0.1 W/m2). These research studies demonstrated the prospects to achieve highly
efficient electricity production, N and P recovery, and H2 generation in sustainable ways with
novel system designs and cost-effective electrode materials.

xii

CHAPTER 1. INTRODUCTION
1.1. General introduction
Water is a valuable and scarce resource for all living creatures. For centuries, water deficit
has become a global issue as the human society develops. To ensure the availability and
sustainability of water, goals have been established by the 2030 Agenda for sustainable
development of United Nations to reuse water and recycle wastewater resources (Desa, 2016).
In the past decades, technologies have been developed to remove ammonium and nitrate in
wastewater through nitrification and denitrification processes (Park et al., 2017). Wastewater
is a rich source of nitrogen (N), phosphorus (P), and sulfur (S) nutrients, which should be
recovered for the sustainability of development (Kirchmann and Pettersson, 1994; Udert and
Wächter, 2012).
In domestic wastewater, urine comprises approximately 75~80% of nitrogen but the
volume only accounts 1% of the total water (Larsen and Gujer, 1996), which is a big pollution
source of nitrogen that needs treatment (Larsen and Gujer, 1996). Traditional techniques for
urine wastewater treatment required biological processes to hydrolyze urea (Mobley and
Hausinger, 1989). The produced ammonium was sequentially removed via an ammonia
striping column under the alkali condition (Mobley and Hausinger, 1989; Zhao et al., 2015) or
converted into the precipitation of calcium phosphate minerals or struvite (Barbosa et al., 2016).
However, the efficiency of urea hydrolysis was usually low, which became the rate-limiting
step of urine treatment (Ledezma et al., 2015).
Part of this chapter was previously published as: Sidan Lu, Guangcai Tan, Xiuping Zhu, H 2
Evolution Catalysts for Microbial Electrolysis Cells, Novel Catalyst Materials for
Bioelectrochemical Systems: Fundamentals and Applications, 2 (2020) 27-43. Copyright ©
2020 American Chemical Society and is reproduced here with permission of co-authors.
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Besides the electricity and nutrients recovery from wastewater, hydrogen (H2) is the focus
of research interest to reduce greenhouse gas emissions and solve the problem of energy crises.
H2 is a clean energy carrier with high energy content per mass that has been regarded as an
alternative to fossil fuels in the future (Winter, 2009). Nevertheless, most of the reported H2
generation methods (water electrolysis, steam reforming of natural gas, and biomass based
technologies) are more expensive compared to that of fossil fuels (Momirlan and Veziroglu,
2002). Exploring economic and efficient ways to produce H 2 from wastewater is very
promising for sustainable development.
Bioelectrochemical systems (BESs) is a promising technology to treat wastewater and
recover energy and various resources (Logan et al., 2008a; Logan et al., 2006). In BES reactors,
electroactive biofilms are critically essential to drive the BES operation, which are dependent
upon on the given configuration and electrode surface materials (Cao et al., 2009b; Lu et al.,
2019d). The microbial biofilms on the electrode surfaces comprise various microbes, including
electroactive bacteria and non-electroactive bacteria (Logan, 2009b; Rittmann et al., 2008).
Electroactive bacteria refers to microorganisms that can donate or accept electrons
extracellularly (Logan, 2009b). Based on the different abilities of donating electrons or
accepting electrons, electroactive bacteria can serve as the biocatalyst on the bioanode or the
biocathode (Kelly and He, 2014; Zhu et al., 2014c). Detailly, some electroactive bacteria can
receive electrons by oxidizing the organics in the wastewater and transfer the electrons
externally from the anode to the cathode for electrical currents production (Logan et al., 2019).
Some others obtain electrons from the cathode and use them for methanogenesis or
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electrosynthesis (Lu et al., 2012a; b). The genera Geobacter, Shewanella, and Pseudomonas
are well-known electroactive bacteria (Bond and Lovley, 2003; Yong et al., 2014), which often
prevail with non-electroactive bacteria via cross-feeding interactions in BES biofilms (Liu et
al., 2016). Till now, three extracellular electron transfer (EET) pathways have been observed,
including membrane-bound protein (cytochrome C), conductive pili (nanowire), cable bacteria
conductive filaments, and electron shuttles (such as flavin, riboflavin, and pyocyanin (Saunders
et al., 2020). Moreover, syntrophic interaction of different populations and interspecific
electron transfer also play important roles in the performance improvement of BES (Li et al.,
2020). Mixed cultures are commonly used in BESs for practical considerations, which can be
easily inoculated using wastewater collected from wastewater treatment plant, river and lake
sediments, and other natural sources (Liu et al., 2017b). The biofilm community structures are
shaped by environmental factors such as temperature, reactor configurations, and nutrient
conditions which influence the reactor performances (Lu et al., 2019d).
Attributed to the abundant fuel sources, mild reaction conditions, and high efficiencies,
bioelectrochemical systems (BESs) have been developed to treat wastewater and recover
resources (Logan et al., 2006). A prototype of BES is microbial fuel cells (MFCs) with a
bioanode and an air-cathode for simultaneous wastewater treatment and electricity generation
(Liu et al., 2004b). In a MFC, microbes are the anode catalyst that remove organic pollutants
from wastewater and produce electrons extracellularly (Logan, 2009a). The electrons are
transferred from the anode to the cathode through the external circuit. On the MFC cathode,
oxygen from air gases is reduced into water under the electrode potential, and the electrons
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from the anode are consumed for the reduction reaction (Logan et al., 2006). In this way, an
electric circuit is formed and electricity is generated (Rabaey et al., 2003). Besides, an electrical
field is developed between the anode and cathode, which favors either the transportation of
positively charged ions from the anode to the cathode or the immigration of negatively charged
ions from the cathode to the anode (Lu et al., 2019b). And with the combination of proper ion
exchange membranes, e.g., anion exchange membrane that allow only negative ions to
transport and cation exchange membrane that passes positive ions only, ions in the solutions
can be simultaneously removed or recovered (Lu et al., 2019b).
In the recent 10 ~ 15 years, bioelectrochemical systems (BESs) have been developed to
treat wastewater and recover the resources owning to the advantages such as abundant fuel
sources, mild reaction conditions, and high efficiencies (Logan, 2009a). Based on MFCs (Liu
et al., 2004a), many novel systems have been developed that utilize the generated electricity
for other purposes, such as microbial desalination cells (MDCs) to reduce water salinity by
adding a desalination chamber between the anode and the cathode (Cao et al., 2009a) and
microbial electrolysis cells (MECs) to generate H2 gas at the cathode by applying an additional
small voltage (~1 V) (Liu et al., 2005b). BESs were also developed for urine treatment and
resource recovery. In 2014, a nutrients separation microbial electrolysis cell (NSMEC) was
reported for ammonium and phosphate concentration from diluted synthetic hydrolyzed urine,
which required an energy consumption of 0.44 kWh per m3 (Tice and Kim, 2014a). Another
research proposed a pre-treatment of BESs followed by membrane aeration for urine treatment
and nitrogen recovery, and 80~90% of organic nitrogen was converted into ammonium
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nitrogen (De Paepe et al., 2018). However, the urine substrates were pre-hydrolyzed before the
treatments, which increased the complexity of the treatment processes. To facilitate urea
hydrolysis, another study reported a stacked microbial nutrient recovery cell (SMNRC) with
self-generated potentials that harvested 76~87% of N and 72~93% of P from source-separated
urine (Chen et al., 2017). More recently, researches coupled an alkalifying electrochemical cell
to a direct liquid-liquid extraction with a hydrophobic gas membrane instead of a conventional
stripping column to increase nitrogen recovery from urine (Christiaens et al., 2019). Interests
in micro-pollutants and organics such as ethinylestradiol, diclofenac, and carbamazepine
contained in human urine also increased (Giannakis et al., 2018; Pronk et al., 2006).
When the cathode of an MFC is replaced with an electrode that favors hydrogen evolution
reaction, the system is transformed into a microbial electrolysis cell (MEC). Microbial
electrolysis cells (MECs) are providing a promising option for H 2 generation and the biocatalyzed electrolysis reaction is similar to microbial fuel cells (MFCs) (Liu et al., 2005a).
While MFCs use electroactive microorganisms to oxidize organic matters and generate
electricity (Liu and Logan, 2004), MECs require a small applied voltage (> 0.2 V) to force H2
evolution at the cathode (Liu et al., 2005a). Generally, microorganisms in the anode chamber
of MECs oxidize organics in the wastewater and release H +, electrons (e-), and CO2 (Liu et al.,
2005a). The H+ diffuses to the cathode directly or through an ion exchange membrane and
joints with electrons that are transferred from the anode. H2 is produced at the cathode forced
by an applied voltage. Compared to water electrolysis for H2 generation that requires a
minimum applied voltage of 1.23 V (Anode: H2O → 2H+ + ½O2 + 2e−, EAnode = 0.82 V vs NHE;
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Cathode: 2H+ + 2e− → H2, Ecathode = −0.41 V vs. NHE), MECs theoretically only need a 0.12
V voltage for hydrogen evolution reaction (HER) due to that the oxidation of the organics
requires less energy (Anode: C2H4O2 + 2H2O → 2CO2 + 8e- + 8H+, Eanode = -0.29 V vs NHE;
Cathode: 8H+ + 8e- → 4H2, Ecathode = -0.41 V vs NHE ) (Rozendal et al., 2006). However,
usually a larger voltage (0.7~1.2 V) is used in practical to compensate the cathode
overpotentials resulted from the electrolyte resistance, the concentration overpotential between
the electrolyte and the cathode, and the activation overpotential (HER activation barrier)
(Rozendal et al., 2006). To achieve real application of MECs, the energy consumption need to
be minimized and the energy efficiency for H2 generation requires improvements.
The MEC cathode is significant to determine the H2 production performance. The cathodes
usually consist of a catalytic layer and a conductive substrate (Selembo et al., 2010; Zheng et
al., 2014). The catalytic layer is a mixture of catalysts for HER activation, binders that glue the
catalysts, and conductive carbon black for charge transfer. Conductive materials (such as
carbon paper, carbon cloth, carbon fiber, stainless steel, and titanium mesh) are usually used as
the substrate to support the catalyst layer and collect the current (Kundu et al., 2013). Effective
catalysts can reduce the activation barrier of the HER reaction and determine the efficiency of
H2 generation (Ivanov et al., 2017) and thus play a significant role in H2 production process of
MECs. Important factors, such as H2 yielding ability (usually represented by H 2 production
rate), energy efficiency (coulombic efficiency), and long-term durability also need to be
considered when designing HER catalysts (Lu et al., 2009a). Moreover, the cost of catalysts is
also important when developing catalyst materials. Platinum (Pt) is efficient to catalyze the

6

HER reaction and the H2 production rate reached 0.33~0.68 m3 H2/m3/d in a single-chamber
MEC, (Logan et al., 2019; Rozendal et al., 2007; Selembo et al., 2009) and the coulombic
efficiency can be 78~81% (Liu et al., 2005a; Selembo et al., 2009). However, Pt metal is too
expensive for large-scale applications ($500-2000/m2) (Selembo et al., 2009). When using Pt
as the catalyst, approximately 47% costs of the MECs are due to the cathode, which needs to
be reduced by 90% to achieve a real application of the systems (Kundu et al., 2013). Exploring
more cost-effective catalysts for more economic H2 production is highly demanded.
Solar energy is the most plentiful renewable resource that can produce 120, 000 TW energy
every year, which can provide 100 times of all the humanity’s needs on Earth (Blankenship et
al., 2011). However, solar energy is difficult to store due to its intermittence and diffusion
(Blankenship et al., 2011), the fluctuation of solar energy during day and night is also a problem
to obtain stable energy supplement (Nowotny et al., 2005). A promising solution to solve the
problem is to store solar energy in the form of chemical bands by converting solar energy into
chemicals and release for use when in need (Crabtree and Lewis, 2007). Previous research
demonstrated the feasibility of combining solar energy with water electrolysis (2H2O → 2H2
+ O2) (Nowotny et al., 2005), so that solar energy can be store as H2 in the chemical form and
H2 can be combusted for energy or used for other various purposes (Zou et al., 2001). Photoelectrochemical cells (PECs) can perform direct light absorption and waters splitting, which
have attracted great attentions to utilize solar energy as an energy source and to drive hydrogen
(H2) gas production (Ni et al., 2007). However, the electricity consumption during the PEC
processes still emits greenhouse gas, which hinders the sustainability of solar-powered H2
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production (Momirlan and Veziroglu, 2002). Combing MEC processes with solar energy is
very attractive to improve the performance and maintain the sustainability.
Beside solar energy, another big source of renewable energy, salinity gradient energy (SG),
has a big potential to provide emission-free strategies for the development of human society.
Seawater comprises 97% of the water in the earth and is a big potential source of clean energy
(Ramon et al., 2011). When seawater is mixed with freshwater such as river water. the salinity
of the seawater mixes into freshwater and the two water diffuse quickly to reach equilibrium
(Ramon et al., 2011). By controlling the mixing process, big amount of electricity can be
produced, and an practically extractable energy potential of ~625 TWh/a (1 terawatt = 10 12 W)
was estimated to meet a significant percentage of the global energy demand (Alvarez-Silva et
al., 2016). Worldwide, countries with long coastlines, large salt lakes or desalination plants can
generate electricity energy from salinity gradients (Wang et al., 2017d). Landlocked countries
can also use artificial salt solutions for energy production (Alvarez-Silva et al., 2016; Ramon
et al., 2011). However, huge amount of salinity energy from natural mixings of water is still
lost due to the lack of effective methods. Advanced technologies are very demanded to harvest
SG energy efficiently.
Till now, versatile BESs with different configurations have been developed to recovery
energy and nutrients (Cusick et al., 2012; Liang et al., 2016). However, the performances in
electricity production, resources recovery, and H 2 generation are still limited by the system
internal resistance, the environmental factors such as reactor configurations, nutrient conditions,
and electricity consumption (Huang et al., 2013; Merino-Jimenez et al., 2017; Tice and Kim,
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2014b; Zhu et al., 2014a). Renewable resources such as solar and salinity gradients are
promising alternatives to fossil fuels (Brockway et al., 2019). When combined with BESs, these
renewable energy sources are very promising improve the performances and achieve
sustainable development.
1.2. Purpose of study
The research outlined in this dissertation is to develop advanced (photo)
bioelectrochemical systems and combine renewable energy sources such as salinity gradient
energy and solar energy for improved wastewater treatment, electricity and H2 production, and
resources recovery. Specifically, four experiments would be conducted by operating different
bioelectrochemical systems.
The first experiment is to treat urine-containing wastewater and recover nitrogen (N) and
phosphorus (P) using a resource-recovery microbial fuel cell (RRMFC). The second
experiment is to produce H2 from wastewater using a microbial electrolysis cell (MEC)
equipped with a cost-effective Mo2N nanobelts catalyst cathode. The third experiment aims at
developing a pair of light-harvesting photoanode and photocathode and configurating them into
a solar microbial electrolysis cell (solar-MEC) for H2 production without external biases. The
fourth experiment is to combine a microbial fuel cell (MFC) with a concentration flow cell
(CFC) to enhance the electricity production from renewable salinity gradient energy by
utilizing wastewater energy.
The general challenges are that these studies include different reactor designs and require
a broad understanding of advanced materials, photo bioelectrochemical processes, and
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renewable energy resources. The experimental parts also require the ability to overcome the
challenges of different methodologies. All these experiments would start firstly with the
fabrication of the catalysts and the electrodes, followed by testing the electrodes individually
prior to the reactor tests, and finally finished by testing the reactor performances for a period
of time for reliable results.
1.3. Research objectives
The main objective of this dissertation research is to develop advanced bioelectrochemical
systems and materials for wastewater treatment and resources and energy recovery. The
sustainability and performances of the systems would be further enhanced by combining
renewable energies, e.g., solar energy and salinity gradient energy. The specific objectives and
tasks are listed below:
(1) Wastewater treatment and resource recovery using an novel bioelectrochemical system
without external energy consumption. The tasks include three parts. A) Task 1: Designing and
configurating a resource-recovery microbial fuel cell (RRMFC) treat urine-containing
wastewater. B) Task 2: Monitoring the electrical currents production. C) Task 3: Evaluating the
wastewater treatment and resources recovery performance by detecting the COD, urea,
histidine, creatinine, sodium acetate, NH4+, NO2-, NO3-, SO42-, and PO42-, pH, and salinity in
the influent and the effluent for more than 33 cycles.
(2) Developing advanced catalyst for H2 production in microbial electrolysis cells (MECs).
The tasks include two parts. A) Task 1: Synthesizing Mo2N nanobelts catalyst as the cathode
material in a MEC. B) Task 2: Monitoring the H 2 production rate, coulombic efficiency, H2
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recovery efficiency and the energy efficiency to know the reactor performance.
(3) Using self-biased solar microbial electrolysis cells for H2 production under visible
light irradiation. Three tasks are included. A) Task 1: Fabricating an effective Fe2O3
Photoanode. B) Task 2: Preparing a Si/Pt photocathode. C) Task 3: Configurating a onechamber cubic reactor with a bioanode, a Fe2O3 Photoanode, and a Si/Pt photocathode to utilize
solar energy and wastewater energy for H2 and electricity production without external bias.
(4) High power harvest from salinity gradient energy in a concentration flow cell (CFC)
enhanced through bioelectrochemical currents. Three tasks are included. A) Task 1: Fabricating
CuHCF electrodes as the anode and cathode in the CFC. B) Task 2: Starting a microbial fuel
cell and connecting it to the CFC to enhance the salinity gradient energy harvest process. C)
Task 3: Monitoring the electrical currents and determining the power density of the CFC.
1.4. Organization of dissertation
This dissertation consists of six chapters based on a journal format. Each chapter is an
individual paper representing an independent project except for the introductory chapter
(Chapter 1) and the conclusion chapter (Chapter 6). Chapter 1 provides an introduction into the
research, which includes the general introduction, the purpose of study, the research objectives
and the organization of dissertation.
Chapter 2 comprises the research of a resource-recovery microbial fuel cell (RRMFC) for
urine-containing wastewater treatment. The study includes the generation of electricity, the
treatment of COD, urine, histidine, creatinine, sodium acetate, ammonia, nitrite, nitrate, sulfate,
phosphorus, pH, and conductivity, and the recovery of nitrogen, phosphorus, and sulfate from
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the wastewater. The RRMFC is a self-sustainable system requiring no external electricity
consumption.
Chapter 3 introduces a new Mo2N nanobelt catalyst material as the MECs cathode. The
study includes the fabrication of the Mo2N nanobelt catalyst, the preparation of the Mo2N
nanobelt cathode, the electrochemical tests of the cathode and the operation of MECs with the
Mo2N nanobelt cathode. The electricity production, substrate degradation, and H 2 production
were monitored for more than 2 months for stable performance.
Chapter 4 comprises a solar-powered microbial electrolysis (solar-MEC) with a bioanode,
a hematite (Fe2O3) photoanode, and a Si photocathode for H2 production from wastewater. The
photoelectrodes are able to receive the solar irradiation lights and convert the solar energy into
a pair of electron and hole. Furthermore, the bioanode enhanced the current generation and
organics degradation. This solar-MEC uses solar energy to power the hydrogen production
reaction and avoids the requirement of external electricity.
Chapter 5 presents that a novel bio-CFC system can achieve high power density (41.9
W/m2) from salinity gradient (SG) energy by powering a concentration flow cell (CFC) using
a bioelectrochemical system. Synthetic seawater (30 g/L NaCl) and river water (1 g/L NaCl)
were mixed under control during the bio-CFC operation. The capacitive potential on CuHCF
electrodes induced by the bioelectrochemical currents derived from microbial degradation of
organic pollutants in wastewater plays a significant role in the SG energy harvest.
Chapter 6 is a summary of the results of the bioelectrochemical systems and the photo
bioelectrochemical system for wastewater treatment, resources recovery, H2 and electricity
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generation. The use of renewable energy resources, e.g., solar energy and salinity gradient
energy, plays a significant role to enhance the system performances. A brief conclusion is given
to highlight the demand of advanced bioelectrochemical systems for sustainable and costeffective wastewater treatment and resources recovery.
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CHAPTER 2. RESOURCE RECOVERY MICROBIAL FUEL CELLS
FOR URINE-CONTAINING WASTEWATER TREATMENT AND
RESOURCE RECOVERY WITHOUT EXTERNAL ENERGY
CONSUMPTION
2.1. Introduction
Nitrogen pollution is a significant environmental issue around the world and
eutrophication caused usable water scarcer and the cost of water treatment higher (Zhang et al.,
2015). Nowadays, technologies are developed to remove ammonium and nitrate in wastewater
through nitrification and denitrification processes (Park et al., 2017). However, urine is an
another big pollution source of nitrogen that needs advanced treatments (Larsen and Gujer,
1996). In domestic wastewater, urine comprise approximately 75~80% of nitrogen but the
volume only accounts 1% of the total water (Larsen and Gujer, 1996). Traditional techniques
for urine wastewater treatment required biological processes to hydrolyze urea (Mobley and
Hausinger, 1989). The produced ammonium was sequentially removed via ammonia striping
column under alkali condition (Mobley and Hausinger, 1989; Zhao et al., 2015) or converted
into the precipitation of calcium phosphate minerals or struvite (Barbosa et al., 2016). However,
the efficiency of urea hydrolysis was usually low, which was the rate-limiting step of urine
treatment (Ledezma et al., 2015). Ammonia stripping process was also energy intensive (Zhao
et al., 2015). Currently, exploring effective and economic methods to treat urine-containing
wastewater is very necessary (Christiaens et al., 2019). Urine-containing wastewater is a rich
source of nitrogen (N)，phosphorus (P), and sulfur (S) nutrients, which could be recovered for
This chapter was previously published as: Sidan Lu, Hongna Li, Guangcai Tan, Fang Wen,
Michael T Flynn, Xiuping Zhu, Resource recovery microbial fuel cells for urine-containing
wastewater treatment without external energy consumption, Chemical Engineering Journal,
373 (2019) 1072-1080. Copyright © 2019 Elsevier B.V. and is reproduced here by permission
of co-authors.
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purposes such as plant growth (Kirchmann and Pettersson, 1994; Udert and Wächter, 2012).
Effective and sustainable methods to treat urine-containing wastewater would be helpful for
the pollution control and also beneficial for agriculture.
Bioelectrochemical systems (BESs) have been developed to treat wastewater and recover
resources attributed to abundant fuel sources, mild reaction conditions, and high efficiencies
(Logan, 2009a) in recent 10 ~ 15 years. Microbial fuel cells (MFCs) is a typical BES that uses
microbes as the catalysts to remove organic pollutants from wastewater and produce electricity
simultaneously (Liu et al., 2004a). Based on it, systems were developed that utilize the
generated electricity for other purposes, such as microbial desalination cells (MDCs) to reduce
water salinity by adding a desalination chamber between the anode and the cathode (Cao et al.,
2009a) and microbial electrolysis cells (MECs) to generate H 2 gas at the cathode by applying
an additional small voltage (~1 V) (Liu et al., 2005b). BESs are also developed for urine
treatment and resource recovery. In 2014, nutrients separation microbial electrolysis cells
(NSMECs) were reported for ammonium and phosphate concentration from diluted synthetic
hydrolyzed urine, which required an energy consumption of 0.44 kWh per m3 (Tice and Kim,
2014a). Another research proposed pre-treatment of BESs followed by membrane aeration for
urine treatment and nitrogen recovery, 80~90% of organic nitrogen was converted into
ammonium nitrogen (De Paepe et al., 2018). However, the urine substrates were prehydrolyzed before the treatments, which increased the complexity of the treatment processes.
To facilitate urea hydrolysis, a study reported a stacked microbial nutrient recovery cell
(SMNRC) with self-generated potentials that harvested 76~87% of N and 72~93% of P from
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source-separated urine (Chen et al., 2017). Most recently, researches coupled an alkalifying
electrochemical cell to a direct liquid-liquid extraction with a hydrophobic gas membrane
instead of a conventional stripping column to increase nitrogen recovery from urine
(Christiaens et al., 2019). Interests in micro-pollutants and organics such as ethinylestradiol,
diclofenac, and carbamazepine contained in human urine also increased (Giannakis et al., 2018;
Pronk et al., 2006).
In this study, a resource recovery microbial fuel cell (RRMFC) is designed to treat urinecontaining wastewater with various organics and inorganics and simultaneously recover
nutrients and salts. In the RRMFCs, a middle chamber was added between the anode and the
cathode, a cation exchange membrane (CEM) was used between the middle chamber and the
anode chamber, and an AEM was used to separate the middle chamber from the cathode
chamber.
2.2. Materials and methods
2.2.1. Configuration of RRMFC reactors
An RRMFC contained three chambers with cylindrical configuration inside polycarbonate
cubes. The chambers were all 3 cm in diameter: an anode chamber (4 cm length, 28 mL), a
middle chamber (2 cm length, 14 mL), and a cathode chamber (4 cm length, 28 mL) (Figure
2.1). A cation exchange membrane (CEM, Selemion CMV) was placed between the anode
chamber and the middle chamber, while an anion exchange membrane (AEM, Selemion AMV)
was added between the middle chamber and the cathode chamber. The anode was a graphite
fiber brush (2.5 cm in diameter × 2.5 cm in length) placed horizontally in the center of the
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anode chamber, which was preheated at 450 ºC for 30 min in a muffle furnace (ThermoFisher
Scientific) to gain higher N/C ratios and lower C–O compositions (Feng et al., 2010). The
RRMFC cathode was an activated carbon air-cathode, which was made by a phase inversion
method (Yang et al., 2014).

Figure 2.1 Configuration of the resource recovery microbial fuel cell (RRMFC).

2.2.2. Operation of RRMFC reactors
The system is designed and tested to treat urine with a 10x dilution, which is the typical
concentration after toilet flushing. The anodes of the RRMFCs were pre-acclimated with
electroactive microbes in MFCs which were originally inoculated with half of anaerobic
digestion sludge and half of growth medium. The MFCs are one-chamber reactors with a
cylindrical configuration inside a polycarbonate cube (Figure 2.2). The chamber was 3 cm in
diameter and 4 cm in length, the volume was 28 mL. The sludge was collected from the East
Baton Rouge South Wastewater Treatment Plant (Baton Rouge, LA, US). The growth medium
contained (per L): 1 g sodium acetate, 4.28 g Na2HPO4 2.45 g NaH2PO4 · H2O, 0.31 g NH4Cl,
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0.13 g KCL, 12.5 mL minerals, and 5 mL vitamins (Zhu et al., 2014c). After electrical currents
were generated, only the growth medium was fed to the MFCs, the process lasted for one month
until the currents generation was stable. The polarization curve, cell voltage, and electrode
potentials of the MFC (Figure 2.3). Then, the brush anode in the MFC was transferred to the
anode chamber of the RRMFC. The anode solution in the RRMFC was the synthetic
wastewater, which was replaced every fed-batch cycle (~3 days). It was reported that urine can
be used as a proxy for real urine when studying struvite recovery (Tilley et al., 2008). The
wastewater contains (per L): 1717 mg urea, 1000 mg sodium acetate, 90 mg creatinine, 142
mg histidine, 507 mg NaCl, 135 mg K2SO4, 132 mg KH2PO4, 72 mg MgCl2·6H2O, 22 mg
NH4HCO3, 48 mg CaCl2·2H2O, and 193 mg KCl. The middle chamber contained deionized
water to simplify the case. In every cycle, the effluent of the anode chamber was recirculated
to the cathode chamber via a plastic syringe and held in the cathode chamber for the next cycle
(3 days). To avoid leaving behind residual feedstock from the previous feeding cycle, the
reactors were leaned to collect all the residual feedstock from the previous feeding cycle via a
syringe. The volumes of the samples were recorded manually. A 10 Ω external resistor was
connected between the anode and the cathode based on Ohm’s law (U = IR), which allows
more electrons to be transported. The currents were then determined by measuring the voltage
(U) across the 10 Ω resistor (R) using a data acquisition system (PISO-813U, ICP DAS), the
calculations were based on I = U/R. All the works were conducted at 30 ºC in a thermotank
(ThermoFisher Scientific, US).
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Figure 2.2 The MFC reactor used to pre-acclimate electroactive microbes on the anode for the
operation of the RRMFC.

Figure 2.3 Polarization curve, cell voltage, and electrode potentials of the MFC.
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2.2.3. Chemical analysis
Water samples were taken separately from each chamber at the beginning and the end of
every fed-batch cycle (~3 days). The samples were filtered through 0.22 um syringe filters
(PVDF, Restek Corporation) before chemical analysis. Phosphate, sulfate, nitrite, and
ammonium ions were determined by SmartChem 170 (Unity Scientific, US) according to
United States Environmental Protection Agency (EPA) standard methods (Association et al.,
1915). Nitrate and the soluble chemical oxygen demand (COD) were determined using test kits
(TNT plus vial test, Hach Co.). Solution pH was tested using a pH meter (VWR SB70P).
Conductivity was measured using a conductivity meter (VWR SB90M5). Urea was analyzed
by spectrophotometric method at 525 nm wavelength after digested in water bath with
diacetylmonoxime at 95 ºC (Watt and Chrisp, 1954). Histidine, creatinine, and sodium acetate
were detected by high performance liquid chromatography (HPLC) (Agilent 1260) with a C18
column (250 mm length) at a temperature of 30 ºC and a UV detector at the wavelength of 205
nm. The injection volume was 5 uL, the mobile phase was acetonitrile and H 3PO4 (10 mM)
(7:93, v/v), and the flow rate was 0.2 mL/min.
2.2.4. Calculations
The performances of the three chambers were monitored at the beginning and the end of
each cycle. The sample volumes in the cathode chamber decreased slightly after each cycle,
which may due to evaporation from the air cathode. The removal efficiency (%) of each
substance in the wastewater was calculated based on the mass out of the cathode chamber over
the mass in of the anode chamber. The removal rates of each substance (g m -3 d-1) were
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calculated as the removed mass normalized to the total volume of the anode and the cathode
chambers (~56 mL) and the cycle time (~3 days). The recovery efficiency (%) of ions was
obtained as the ratio between the mass out of the middle chamber and the mass in of the anode
chamber. The total N recovery efficiency was calculated based on the total N mass out of the
middle chamber (i.e., urea, NH4+, NO3-, and NO2-) over the total N mass in of the synthetic
wastewater (urea and ammonium bicarbonate). The columbic efficiency was obtained as the
ratio between the experimental coulombs by integrating the current over time and the
theoretical coulombs calculated based on COD changes (Ctheoretical = F∙ b∙ Van ∙ CCOD, F is
Faraday’s constant, b = 4 indicating the number of electrons exchanged per mole of oxygen,
Van is the volume of liquid in the anode compartment, and CCOD is the change of the COD
over time) (Logan et al., 2006).
2.3. Results and discussion
2.3.1. Electricity generation of the RRMFC
The anode of the RRMFC was preacclimated with electroactive microbes in an MFC. The
maximum current of the MFC was ~0.04 mA at an external resistance of 1000 Ω, and it
increased to ~0.5 mA at 100 Ω and ~2.8 mA at 10 Ω (Figure 2.4, inserted figure), which was
comparable to most studies on MFCs (Santoro et al., 2017). Then, the anode was transferred to
the RRMFC. The maximum currents of the RRMFC were in the range of 1.3 ± 0.3 mA at an
external resistance of 10 Ω resistance (Figure 2.4), which was lower than that of the MFC
probably due to the increased internal resistance by adding the middle chamber and the feedsolution change from growth media to the wastewater.
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Figure 2.4 Currents of the MFC and the resource recovery microbial fuel cell (RRMFC) with
different external resistances. The main part shows the currents of the RRMFC, the magnified
view (the smaller figure) showed the currents of the MFC. (the chemical analysis.

2.3.2. Chemical removal and recovery
After the current of the RRMFC became stable from the 60th day, the concentrations of
urea, COD, histidine, creatinine, sodium acetate, ammonium, nitrite, nitrate, sulfate, phosphate,
pH, and salinity in each chamber were monitored at the beginning and the end of each cycle
for 33 cycles (~3 days per cycle) (Figure 2.5). Because part of water was lost due to the
evaporation from the air-cathode, the average mass in and out of each substance in each
chamber were calculated based on the valid solution volumes (Figure 2.5). The valid volume
= the anode chamber volume (28 mL)- the anode (graphite brush) volume (5mL) + the middle
chamber volume (14 mL) + the solution volume in the cathode chamber volume (19 mL) = 56
mL. In addition, the formation of ammonia gas, struvite precipitation led to the loss of total N
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and P in the system. The removal and recovery efficiencies were calculated based on the
average masses and shown in Table 2.1.

Figure 2.5 Concentrations of (a) urea and COD, (b) histidine, creatinine, and sodium acetate,
(c) ammonium, nitrite, and nitrate, (d) phosphate and sulfate, (e) salinity, and (f) pH in the
anode, middle and cathode chambers of the resource recovery microbial fuel.
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Table 2.1 Chemical parameters characterizing the urine-containing wastewater treatment the
microbial recovery cell (the data range is based on 95% confidence intervals).

Anode

Anode out Middle

Middle out Cathode in Cathode

Removal Recovery

in (mg)

(mg)

in (mg)

(mg)

(mg)

Out (mg)

(%)

(%)

Urea

39.50

0.05 ± 0.05

0

0.08 ± 0.02

0.05 ± 0.05

0

99

N/A

COD

24.60

6.71 ± 1.39

0

2.79 ± 0.45

6.71 ± 1.39

0.74 ± 0.17

97

N/A

Histidine

3.30

0.81 ± 0.01

0

0

0.81 ± 0.01

0

99

N/A

Creatinine

2.10

0.60 ± 0.01

0

0

0.60 ± 0.01

0.19 ± 0.02

91

N/A

23.00

0.95 ± 0.91

0

0

0.95 ± 0.91

0.02 ± 0.02

99

N/A

Ammonium 0.10

7.22 ± 0.81

0

9.01 ± 2.12

7.22 ± 0.81

0.06 ± 0.04

40

N/A

Nitrite

0

0

0

2.69 ± 0.51

0

0.17 ± 0.07

N/A

N/A

Nitrate

0

0.87 ± 0.18

0

6.51 ± 1.43

0.87 ± 0.18

0.32 ± 0.18

N/A

N/A

Total N

20.20

4.34 ± 1.96

0

9.44 ± 2.16

4.34 ± 1.96

0.27 ± 0.08

98

42

Sulfate

1.70

0

0

1.01 ± 0.15

0

0.04 ± 0.04

98

59

Phosphate

0.90

0.48 ± 0.08

0

0.33 ± 0.04

0.48 ± 0.08

0.02 ± 0.01

99

37

15

33

N/A

N/A

Sodium
acetate

46.04
Salinity

24.60

±

47.65

6.90

± 21.00

0
6.60

pH

± 46.04

6.00~7.90

7.20

7.01

7.60

4.10

7.90~8.50

6.00~7.90

8.10~8.90
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±

2.3.3. Urea reduction and transfer
The urea decreased from 39.5 to 0.1 mg in the anode chamber and further reduced to <0.1
mg in the cathode chamber with a removal efficiency of 99% and a removal rate of 235 g m -3
d-1 (Figure 2.6a and Table 2.1). According to previous studies (Udert et al., 2003; Zeng et al.,
2018), urea can be hydrolyzed with free urease or urease synthesized by microbes widely
distributed in the soil and in aquatic environments. Therefore, urea could be hydrolyzed and
produce NH3 gas (eq. 1) in the anode and cathode chambers of the RRMFC (Udert et al., 2003).
Urea hydrolysis could also be accelerated by the electric field according to previous studies
(Chen et al., 2017). As a result, most of urea was removed in the anode chamber (90%). The
produced NH3 during urea hydrolysis would dissolve in water and form NH 4+, which would be
oxidized to NO2-, NO3-, and N2 through nitrification or Anammox processes (Zhang and He,
2012). Additionally, the increase of urea from 0 to 0.1 mg in the middle chamber indicated that
part of urea (18%) was transferred to the middle chamber because the AEM and CEM were not
totally preventable for urea passing-through.
2.3.4. Organics reduction and transfer
The COD decreased from 24.6 to 8.4 mg in the anode chamber and further reduced to 0.8
mg in the cathode chamber with a removal efficiency of 97% and a removal rate of 142 g m -3
d-1 (Figure 2.6a and Table 2.1). Most of organics was degraded in the anode chamber by
microbes (Logan et al., 2006; Zhao et al., 2019), which provided electrons to the external circuit
to produce electricity with a columbic efficiency of 55%. Part of organics was also removed in
the cathode chamber via microbial processes. Additionally, there was 11% of organics
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transferred to the middle chamber as the COD in the middle chamber increased from 0 to 2.8
mg.
Among the organics, histidine, creatinine and sodium acetate were separately detected.
The histidine decreased from 3.3 to 0.8 mg in the anode chamber and further reduced to <0.1
mg in the cathode chamber (Figure 2.6b). The removal efficiency of histidine was 99% (Table
2.1) with a removal rate of 20 g m-3 d-1. The creatinine decreased from 2.1 to 1.0 mg in the
anode chamber and further reduced to 0.2 mg in the cathode chamber (Figure 2.6b). The
removal efficiency of creatinine was 89% (Table 2.1) with a removal rate of 11 g m-3 d-1. The
sodium acetate decreased from 23.0 to1.0 mg in the anode chamber and further reduced to <0.1
mg in the cathode chamber (Figure 2.6b). The removal efficiency of sodium acetate was 89%
(Table 2.1) and the removal rate reached 137 g m-3 d-1. It was shown that histidine, creatinine,
and sodium acetate were mainly degraded in the anode chamber and partly removed in the
cathode chamber, but none of them were detected in the middle chamber. The detected COD
concentration in the middle chamber (Figure 2.6a) indicated that some degradation
intermediates from the organics transferred to the middle chamber. Further investigations were
needed to identify these intermediates.
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Figure 2.6 Mass reduction and transfer graphic trends in the anode, middle, and cathode
chambers of the resource recovery microbial fuel cell (RRMFC) : (a) urea and COD, (b)
histidine, creatinine, and sodium acetate, (c) ammonium, nitrite, and nitrate, (d) phosphate and
sulfate, and (e) salinity. The up-arrows in the figure indicate the increase, the down-arrows
indicate the decrease, and the horizontal-arrows indicate the ions transference. The line width
of the arrows indicates the extent of the mass change.
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2.3.5. Nitrogen reduction and transfer
The wastewater was rich in the N nutrient with a urea input of 1717 mg/L (39.5 mg) and
an ammonium bicarbonate input of 22.4 mg/L (0.5 mg). Additionally, histidine and creatinine
could also be degraded by microbes to produce NH3 (Tang et al., 2015). NH3 would dissolve
in water and form NH4+, which would be oxidized to NO2- and NO3-.
As shown in Figure 2.6c, the NH4+ mass increased from 0.1 to 8.1 mg in the anode
chamber over one cycle, which could be largely attributed to urea hydrolysis (Mackey et al.,
2016) as well as histidine and creatinine degradation (Giannakis et al., 2017). The NH4+ mass
in the middle chamber also increased from 0 to 14.0 mg (Figure 2.6c), indicating a large amount
of NH4+ transferring from the anode chamber to the middle chamber through the CEM. In the
cathode chamber, the NH4+ decreased from 8.1 to 0.1 mg (Figure 2.6c), which could be
attributed to the nitrification process conducted by ammonia oxidizing and nitrifying microbes
(Lu et al., 2012b). Additionally, NH4+ could also be oxidized to N2 through the Anammox
process (eq. 4) (Chu et al., 2015; Schmidt and Bock, 1997).
The NO3- mass increased from 0 to 1.0 mg in the anode chamber (Figure 2.6c), which
could be due to the oxidation of NH4+ by giving electrons out (Zhang and He, 2012). The NO3mass in the cathode chamber decreased from 1.0 to 0.4 mg (Figure 2.6c), indicating that NO3moved from the cathode chamber to the middle chamber through the AEM. As a result, the
NO3- mass in the middle chamber increased from 0 to 8.3 mg (Figure 2.6c). Compared to the
decreased mass in the cathode chamber (0.6 mg), more increased NO 3- mass (8.3 mg) was
obtained in the middle chamber, indicating more NO 3- was produced in the cathode chamber
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by the nitrification process of NH4+.
The NO2- was not observed in the anode chamber, while the NO 2- mass increased from 0
to 3.1 mg in the middle chamber and from 0 to 0.1 mg in the cathode chamber (Figure 2.6c).
Similar to NO3-, the increase in the cathode chamber could be due to the nitrification of NH 4+
to NO2- and the rise in the middle chamber could be attributed to NO 2- migration from the
cathode chamber through the AEM.
High concentrations of NH4+, NO3-, and NO2- in the middle chamber suggested that
cations (e.g., NH4+) transferred from the anode chamber to the middle chamber through the
CEM, this electrical migration process is less energy intensive comparing to ammonia stripping.
The anions (e.g., NO2-, NO3-) moved from the cathode chamber to the middle chamber through
the AEM. The recovery efficiency of total N was 68% (Table 2.1). Although the recovery
efficiencies of NH4+, NO2-, and NO3- could not be calculated since they were not contained in
the wastewater initially, the results clearly demonstrated the recovery and concentration of ions
(e.g., NH4+, NO3-, and NO2-) in the middle chamber.
2.3.6. PO43- reduction and transfer
The PO43- decreased from 0.9 to 0.6 mg in the anode chamber and further to < 0.1 mg in
the cathode chamber, with a removal efficiency of 99% and a removal rate of 5 g m-3 d-1 (Figure
2.6d and Table 2.1). The PO43- could be reduced in the anode chamber by microbes utilizing P
as a nutrient element (Mei et al., 2017) and transferred from the cathode chamber to the middle
chamber through the AEM under the effect of the electric field. As a result, the PO 43- increased
from 0 to 0.4 mg in the middle chamber with a recovery efficiency of 40% (Table 2.1).
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Additionally, the formation of struvite precipitations (eq. 3) under the alkali condition in the
cathode chamber could be another reason resulting in the decrease of PO 43- (Liu et al., 2017a).
However, precipitating of phosphate may cause problems for membranes and electrodes by
obstructing the materials and reducing the columbic efficiency (Arredondo et al., 2015). In the
six-month operation of the RRMFC, no obvious precipitates and decrease of performance were
observed, which indicated that struvite precipitation was not a major process of P removal in
the RRMFC.
2.3.7. SO42- reduction and transfer
The SO42- decreased from 1.7 to 0 mg in the anode chamber (Figure 2.6d), indicating that
SO42- was reduced into S2- or directly utilized by the microbes (Yang et al., 2018). The reduced
S2- could be re-oxidized to S or SO42- in the cathode chamber in the presence of oxygen or
nitrate as the electron acceptors (Lu et al., 2018). As a result, the SO42- increased from 0 to <
0.1 mg in the cathode chamber (Figure 2.6d) and the SO42- increased from 0 to 0.8 mg in the
middle chamber, which transferred from the cathode chamber driven by the electric field. The
removal efficiency of SO42- reached 99% with a removal rate of 10 g m-3 d-1 and the recovery
efficiency was 10% (Table 2.1).
2.3.8. Salinity
The salinity of the water was obtained by converting the conductivity to the
corresponding NaCl concentration. In the anode chamber, the salinity increased from 24.6 to
47.7 mg NaCl over one cycle (Figure 2.6e) probably due to the generation of NH4+ from urea,
histidine and creatinine degradation. In the cathode chamber, the salinity decreased from 47.7
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to 21.0 mg NaCl at the end of a cycle (Figure 2.6e), indicating anions transferring from the
cathode chamber to the middle chamber through the AEM. In the middle chamber, the salinity
increased from 0 to 48 mg NaCl over one cycle (Figure 2.6e), attributed to the anions transport
from the cathode chamber as well as the cations transference from the anode chamber. The
removal efficiency of total salts was 15% with a removal rate of 21 g m-3 d-1 and the recovery
efficiency was 41% (Table 2.1).
2.3.9. pH
The pH in the anode chamber was relatively stable in the range of 6~7.9 (Figure 2.5f),
which was beneficial to the growth of microbes and superior to other urine wastewater
treatments usually with an increase on pH due to the generation of NH 4+ from urea hydrolysis
(Merino-Jimenez et al., 2017). The reason could be that protons were produced during organics
degradation to neutralize NH4+ that also transferred to the middle chamber. The pH in the
middle chamber increased from 7.2 to 7.9~8.5 (Figure 2.5f). The pH in the cathode chamber
increased from 6.0~7.9 to 8.1~8.9 (Figure 2.5f), probably due to the reduction of oxygen (eq.
7).
2.4. Working mechanisms of the RRMFC
The RRMFC can not only remove urea, organics, and ions, but also recover N, P, and S
nutrients and salts from the urine-containing wastewater. The working mechanisms were
summarized in Figure 2.7. In the anode chamber, urea was hydrolyzed to NH3 and CO2 by
microbes (Reaction 1.1) (Chen et al., 2017). NH3 was dissolved in the water to form NH 4+
(Reaction 2.2), which could be further oxidized to NO2- and NO3- (Reaction 2.3) catalyzed by
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electrolysis or N2 through the Anammox process (Reaction 2.4) (Schmidt and Bock, 1997).
The organic matters (i.e., sodium acetate, creatinine, and histidine) were degraded by microbes
into CO2/NH3/unknown intermediates and produced protons and electrons (Reaction 2.5). Most
of generated electrons from oxidation processes were given to the anode and transferred to the
cathode though the external circuit and electricity was produced with a coulumbic efficiecy of
55%. Some of electrons were accepted by other chemicals in the wastewater like SO42-, which
was reduced to S2- (Reaction 2.6) (Yang et al., 2018). S compounds could also be used by
microbes as growth nutrients (Li et al., 2015) as well as the N and P nutrients in the anode
chamber .
At the cathode, oxygen diffused from the air to the cathode and was reduced with the
electrons transferred from the anode to OH- (Reaction 2.7). Most of NH4+ produced from urea
hydrolysis was oxidized by nitrifying microbes to NO 2- and NO3- in the presence of oxygen
near the cathode (Reaction 2.8) (Zhang and He, 2012) or oxidized to N2 through the Anammox
process in the bulk solution lacking of oxygen (Reaction 2.4) (Schmidt and Bock, 1997). S2were reoxidized to S or SO42- (Reaction 2.9) (Lu et al., 2018). Little PO43- was precipitated
under the alkali pH condition in the cathode chamber to be struvite together with Mg2+ and
NH4+ (Reaction 2.10).
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Figure 2.7 Working mechanisms of the resource recovery microbial fuel cell (RRMFC) for
wastewater treatment.

The RR-MFC system is developed based on an MFC. however, the unique technique of
the RR-MFC is that nutrients were recovered in a separate chamber. Driven by the selfgenerated electric field, cation ions (e.g., H+, NH4+, K+, Na+, Ca2+, Mg2+) transferred from the
anode chamber to the middle chamber through the CEM and anions (e.g., OH -, SO42-, PO43-,
NO3-, NO2-, Cl-) transported from the cathode chamber to the middle chamber through the
AEM. In order to distinguish the effect of the self-generated electric field, a control reactor was
run without inoculated microbes and under open circuit. Over one cycle (~3 days), the mass
out of NH4+ (3.2 mg), NO3- (0.6 mg), NO2- (0 mg), SO42- (0.3 mg), PO43- (0.04 mg), and salinity
(0.01 mg) in the middle chamber were all very low compared to the RRMFC, which indicated
that the ions diffusion to the middle chamber is limited and the middle chamber hardly
recovered nutrients and salts without the self-generated electric field. However, the possibility
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of sterile condition with open circuit voltage was not considered because urea hydrolyzing
bacteria is ubiquitous in environment [1]. The results may be different if operated under the
later condition.
(NH2)2CO + H2O → 2NH3 + CO2

(2.1)

NH3 + H2O → NH4+ + OH-

(2.2)

NH4+ + 3H2O → NO2-/NO3-+ 10H+ + 8e-

(2.3)

NH4+ + NO2− → N2 + 2H2O

(2.4)

Organic matters → CO2 + NH3 + intermediates + e- + H+

(2.5)

SO42- + 8H+ + 8e- → S2- + 4H2O

(2.6)

O2 + 2H2O + 4e- → 4OH-

(2.7)

2NH4+ + 3O2 → 2NO2-/NO3- + 8H+

(2.8)

S2- + 2O2 → S/SO42- + 8e-

(2.9)

Mg2+ + NH4+ + PO43- + 6H2O → MgNH4PO4·6H2O

(2.10)

2.5. Outlook
The RRMFC effectively treated the urine-containing wastewater with various organic and
inorganic pollutants without external energy input. Urea hydrolysis was prompted through
microbial and electrical oxidation in the anode chamber. Ammonia stripping was replaced by
ammonium migration under the electrical potential through the cation exchange membrane.
This compact system also efficiently recovered N, P, and S nutrients in the middle chamber.
The COD removal efficiency of the RRMFC reached 97%, which was higher than previous
results of a membrane-aerated and membrane-coupled bioreactor (M2BR) reactor (90%) (Chen
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et al., 2008). It was also better than a microbial electrolysis cell system for ammonium recovery
from urine with a COD removal efficiency of 46% (Kuntke et al., 2014). Compared with the
removal rate of six-stacked MFCs treating swine manure (1900 g COD m

-3

d -1) (Vilajeliu-

Pons et al., 2017), the removal rate of 143 g COD m -3 d -1 of this study is low probably due to
the lower initial organic concentration (1092 vs. 2470 mg L-1). However, the COD removal
rate of the RRMFC was similar to those of a granular activated carbon (GAC) module (100 g
COD m-3 d -1) (Rogers et al., 2018) and a microbial fuel cell (181 g COD m-3 d-1) (Rodríguez
Arredondo et al., 2015).
The urea removal efficiency was 99% with a removal rate of 235 g m-3 d-1, which was
similar to previous methods for urine wastewater treatment (Arredondo et al., 2015; Tang et al.,
2015; Zhang and He, 2012). However, no separated urea hydrolysis and ammonia stripping
processes were needed for the RRMFC. The total nitrogen recovery efficiency reached 68%,
which was comparable to those of previous methods using an electrochemical cell for total
nitrogen recovery from urine (57~79%) (Luther et al., 2015) and a bioelectrochemical system
coupled to a gas-permeable membrane unit (49%) (Rodríguez Arredondo et al., 2017). The
PO43– removal efficiency of the RRMFC was 99%, higher than those of previous studies that
removed 72~93% of PO43- from urine wastewater (Merino-Jimenez et al., 2017). Although the
PO43– recovery efficiency of 40% was a little lower than that of previous systems integrating
electrodialysis into electrochemical membrane bioreactor (45% and 65%) (Wang et al., 2017c),
the RRMFC needs no external energy consumption. The SO42- removal efficiency of 99% was
much higher than those of MFCs (52~84%) (Zhang and Angelidaki, 2011). The pH was stable
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around 6~8 in the anode chamber, which was superior to other processes for urine wastewater
treatment usually with a pH increase (Wang et al., 2017b).
The reason that some data of the inputs and the outputs did not meet were due to
evaporation and some gas or solids formations during the treatment. For example, the formation
of ammonia gas or struvite precipitation led to the loss of total N and P. Moreover, the salinity
in the anode and middle chambers and acetate in the anode chamber were not very stable,
agreeing with the current variations in different cycles (Figure 2.6). In the future, a continuous
flow mode may be helpful to achieve more stable electricity generation and resource recovery
performance. however, the electricity demand of a peristaltic pump would make the technology
less economic.
No obvious struvite was formed could be attributed due to the pH condition and the
migration processes. It is known that urea hydrolysis can trigger struvite precipitation because
it provides large amount of ammonia. However, the ammonium was migrated from the anode
chamber into the middle chamber. According to the Table 2.1, the molar ratio of NH4+: PO43was 2: 3 in the anode chamber, 0: 0 in the middle chamber, and 75: 1 in the cathode chamber
(Table 2.1) inputs. After one cycle, the ratio was 75: 1 in the anode chamber, 195: 1 in the
middle outputs, and only very little ions lasted in the cathode chamber. Thus, the migration
might be a driven force that decreased the struvite formation. Moreover, the pH was not high
enough to facilitate the formation of struvite. In the reactor, the average pH was 7.27 in the
anode chamber, 8.17 in the middle chamber, and 8.52 in the cathode chamber. The pH did not
reach 9, which was a normal value of urine treatment that triggers struvite precipitation [3].
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Overall, the membrane process reduced the ammonium concentrations and the pH value, thus
struvite was not as favored as in traditional methods.
2.6. Conclusions
This study suggested that the ions migration under the self-generated electrical potential
can be effective to treat the synthetic urine-containing wastewater. The urea removal efficiency
reached 99% and the COD removal efficiency was 97% with high removal rates of sodium
acetate, histidine, and creatinine. Both of the SO42- and PO43- removal efficiencies were 99%.
At the same time, the RRMFC recovered 68% of total nitrogen, 40% of PO 43-, 45% of SO42-,
and 41% of total salts. Except for the high removal and recovery efficiencies, the RRMFC also
showed distinct advantages, such as no external energy consumption, compact reactor design,
and easy operation. The technology would be helpful to advance the development of converting
wastewater into useful fertilizers for plant growth

37

CHAPTER 3. MO2N NANOBELT CATHODES FOR EFFICIENT
HYDROGEN PRODUCTION IN MICROBIAL ELECTROLYSIS CELLS
WITH SHAPED BIOFILM MICROBIOME
3.1. Introduction
Hydrogen (H2) is an attractive energy carrier as the gravimetric energy density is higher
than any known fuels and the combustion produces no pollutants (Acar and Dincer, 2019;
Holladay et al., 2009). However, H2 production is energy intensive and possesses negative
effects on the environment (Sun et al., 2019). Developing efficient and economic H2 generation
methods is highly demanded for future large-scale applications (Turner, 2004). Recently,
microbial electrolysis cells (MECs) demonstrated prospects for H2 production (Call and Logan,
2008b; Logan et al., 2008a). In MECs, electroactive microbes degrade organic pollutants in
wastewater, release electrons (e-) to the anode and protons (H+) to the electrolyte. The electrons
tranfer to the cathode through an external circuit and the protons transport to the cathode via
the electrolyte solution. At the cathode, H2 is produced from the protons and electrons (2H+ +
2e− → H2, Ecathode = −0.41 V vs. NHE under standard biological conditions of T = 25 °C,
pressure = 1 bar, pH=7) (Call and Logan, 2008b). The main advantage of MECs is the low
energy consumption as only a minimum applied voltage of 0.12 V (practically > 0.7 V
considering all overpotentials) is needed, attributing to the low potential of organics oxidation
by microbes at the anode (e.g., C2H4O2 + 2H2O → 2CO2 + 8e- + 8H+, Eanode = -0.29 V vs. NHE
under standard biological conditions) (Call and Logan, 2008b). This voltage is significantly
This chapter was previously published as: Sidan Lu, Baiyun Lu, Guangcai Tan, William Moe,
Wangwang Xu, Ying Wang, Defeng Xing, Xiuping Zhu, Mo2N nanobelt cathodes for efficient
hydrogen production in microbial electrolysis cells with shaped biofilm microbiome,
Biosensors and Bioelectronics, 167 (2020) 112491. Copyright © 2020 Elsevier B.V. and is
reproduced here by permission of co-authors.
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smaller than the required voltage (miminum 1.23 V, practically >1.8 V) of water electrolysis
for H2 production due to the high potential of oxygen evolution at the anode (H2O → 2H+ +
½O2 + 2e−, Eanode = 0.82 V vs. NHE under the conditions of temperature T = 25 °C, pressure =
1 bar, and pH=7) (Khaselev and Turner, 1998; Zeng and Zhang, 2011). Additionally, energy
contained in organics of wastewater can be converted into electricity for H 2 production in
MECs, which further reduces the electrical energy consumption and simultaneously facilitates
wastewater treatment.
Cathode catalyst for hydrogen evolution reaction (HER) is a key factor that determines
the H2 production rate and energy efficiency of MECs (Kundu et al., 2013; Lee et al., 2009).
As a well-known HER catalyst, platinum (Pt) is commonly used in MECs for H2 production,
however, Pt metal is too expensive for large-scale uses and it can also be easily inactivated by
microbes and chemicals in wastewater (Lu et al., 2011). Many non-noble metal catalysts, such
as nickel (Ni) and molybdenum (Mo) (Pu et al., 2016), demonstrated excellent catalytic
activities on the HER (Chorbadzhiyska et al., 2013; Jeremiasse et al., 2010). A MEC (28 mL)
with nickel-functionalized activated carbon (Ni-AC) cathodes obtained a H2 production rate of
0.3 m3-H2/m3/d with an applied voltage of 0.9 V (Kim et al., 2018a). MECs with NiMo
cathodes (~25 mg /cm2 catalyst loading) produced H2 at a rate of 2.0 m3-H2/m3/d in a tubular
MEC, showing a slightly slower rate than that of Pt/C cathodes (2.3 m3-H2/m3/d) (Hu et al.,
2009). Further, molybdenum disulfide (MoS2) coated carbon nanotubes was proposed for
MECs in 2014, however, only a low H2 production rate of 0.01 m3-H2/m2/d (0.015 m3-H2/m3/d,
calculated) was obtained due to the large inner resistence caused by the big reactor space (270
mL) (Yuan et al., 2014). Most recently, a molybdenum phosphide (MoP) catalyst was

39

developed for H2 production in MECs, which had a produciton rate of 3.7 m3-H2/m3/d by using
a high concentration of sodium acetate substrate (4.1 g/L) (Miller et al., 2019).More
catalytically effective and inexpesive catalyst are still needed for future development.
Microbial community affects the bioelectrochemical electricity generation and H 2
production to a large extent (Logan, 2009b). Usually, microbes that are capable of release or
accept electrons extracellularly are called electroactive microbes (Logan, 2009b). Species such
as Shewanella putrefaciens, Desulfuromonas acetoxidans, Geobacter metallireducens,
Geobacter sulfurreducens, and Escherichia coli (Bond et al., 2002; Bond and Lovley, 2003;
Kim et al., 1999; Zhang et al., 2006), have been discovered in anode biofilms of MECs with
abilities to release electrons extracellularly and transfer them to electrodes. However, some
researchers found that some pure cultured electroactive microbes produced less power, while
diverse bacteria within a biofilm can communicate in different ways to exchange electrons and
generate higher power (Boon et al., 2008). Till now, there is still a lack to understand the
complex microbial ecology and functions that influence H2 production (Croese et al., 2011). In
addition, biofilms always form at the cathodes of single-chamber MECs after operation for
several days (Clauwaert and Verstraete, 2009; Lu et al., 2011). They were expected for
electrochemical catalyzation of H2 production as the cathode potential is lower than that
required for H2 evolution and some microbes in the biofilms could use electrons as the external
power for growth (Logan, 2009b; Logan et al., 2008a). To better understand the interspecies
and interfacial interactions of functional populations and electrode in MECs, high-throughput
sequencing technologies have been used (Lu et al., 2012b). The PacBio single molecule
sequencing is an especially powerful tool to explore microbiomes at high resolution of species
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level (Ye et al., 2016).
In this study, nitrogen (N), the abundant and economical element, was utilized to
synthesize the Mo2N nanobelt catalyst. A cost-effective ethanol method was used to fabricate
the Mo2N nanobelt cathodes to form a homogenious catalyst layer with less loadings of catalyst
and binder. The performance of MECs with Mo2N nanobelt cathodes was compared to those
with Pt/C cathodes in terms of the H2 production rates and energy efficiencies. The responses
of microbiomes of the anode and cathode biofilms were also analyzed using the PacBio
sequencing of 16S rRNA gene amplicons.
3.2. Materials and methods
3.2.1. Preparation of Mo2N cathodes
Mo2N nanobelts were synthesized from MoO3 nanobelts following the steps of dissolving
0.196 g ammonium molybdate in 55 mL deionized water, adding 5 mL HNO3 (65 wt.%) with
continuous stir for 10 minutes, transferring into a Teflon-lined stainless-steel autoclave, heating
at 200 °C for 12 hours, and harvesting the MoO3 powder (nanobelts) with centrifugation (3000
rpm). The MoO3 nanobelts were dried at 73 °C for 8 hours and annealed at 650 °C for 5 hours
in ammonia (NH3) gas (heating rate of 2°C/min) to obtain Mo2N nanobelts.
To make the Mo2N nanobelt cathode, 7 mg Mo2N nanobelt power, 80 µL polyvinylidene
fluoride (PVDF) solution (5 wt.%, dissolved in N-methyl-2-pyrrolidone, NMP), 200 µL
ethanol (95 wt.%), and 800 µL deionized water were mixed and ultrasonically treated at 50 ºC
for 30 minutes. The mixture was then coated onto the surface of a circular carbon cloth with a
diameter of 3 cm (7 cm2) using pipette tips with a catalyst loading weight of 1 mg/cm2 and
dried at 70 ºC for 8 hours. The obtained cathode was designated as Mo2N-1. Other cathodes
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with different catalyst loading weights (2, 3, 4, or 5 mg/cm2) were prepared using the same
method and designated as Mo2N-2, Mo2N-3, Mo2N-4 and Mo2N-5 (the numbers indicate the
catalyst loading weights in mg/cm2).
For comparison, Mo2N/AC cathodes with different catalyst loading weights (1, 2, 3, 4,
and 5 mg/cm2) were prepared using a common AC method without ethanol. Detailly, 120 mg
AC powder, 600 µL PVDF solution (5 wt.%, dissolved in NMP), and Mo2N nanobelts (7 mg,
14 mg, 21 mg, 28 mg, or 35 mg) were mixed, which was painted onto one side of a circular
carbon cloth with a diameter of 3 cm (7 cm2) and dried at 70 ºC for 8 hours in thermal oven to
make the Mo2N/AC-1, Mo2N/AC-2, Mo2N/AC-3, Mo2N/AC-4, and Mo2N/AC-5 cathodes.
Similarly, a mixture of 35 mg Pt/C commercial power (10 wt.%, Sigma Aldrich) and 600 µL
PVDF solution (5 wt.%, dissolved in NMP) was used to make common Pt/C cathodes for
comparison with the optimum Pt/C catalyst loading weight of 5 mg/cm2 (i.e., 0.5 mg/ cm2 of
Pt loading) (Kim et al., 2018a).
3.2.2. Characterizations of Mo2N nanobelts catalyst and cathodes
The morphologies of the Mo2N nanobelts and cathodes were observed by scanning
electron microscope (SEM) using FEI Quanta 3D FEG FIB/SEM (ThermoFisher Scientific Inc.
USA). High resolution imaging was conducted by the transmission electron microscope (TEM)
using a JEM-2010 microscopy (JEOL Ltd. USA). X-ray diffraction (XRD) analysis was
conducted by Rigaku MiniFlex X-ray diffractometer (Empyrean, Malvern Panalytical, UK)
with Cu Kα radiation from 5° to 90° with scanning rate of 2° min−1 and the spectra were
analyzed using X’Pert Highscore Plus software package. X-ray photoelectron spectroscopy
(XPS) was carried on using an AXIS165 spectrometer (ESCA 2SR, Scienta Omi-cron, US)
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equipped with a twin-anode Al Karadiation. The data analysis and peak fitting were conducted
by Casa XPS software.
Chronopotentiometry (CP) tests of the Mo2N, Mo2N/AC, and Pt/C cathodes were
performed using a potentiostat (VMP3, Bio-Logic) in an electrochemical cell with three
electrodes. The electrolyte is similar to the MECs, which was 50 mM phosphorous buffer
solution (PBS) containing 1 g sodium acetate, 2.45 g NaH 2PO4·H2O, 4.28 g Na2HPO4, 0.13 g
KCL, 0.31 g NH4Cl, 12.5 mL minerals, and 5 mL vitamins per liter (pH=7, conductivity = 6.5
mS/cm). The Mo2N, Mo2N/AC, or Pt/C cathode served as the working electrode with a circular
graphite foil (7 cm2) as the counter electrode and an Ag/AgCl reference electrode. In the CP
tests, the electrical currents were scanned from 0 to -15 mA in 2.5 mA intervals and each current
was kept for 30 minutes until stable potentials were obtained. Data was recorded per second
and the results were plotted as the potentials against the controlled current densities. All the
potentials here were reported vs. Ag/AgCl electrode (+210 mV vs. a standard hydrogen
electrode, SHE).
3.2.3. Construction and operation of MECs
The MECs were single-chamber cubic reactors made of polycarbonate with an inner
cylindrical configuration (3 cm in diameter, 4 cm in length, and 28 mL in volume) (Figure 4.1).
A graphite brush (3 cm diameter, 2.5 cm length) fixed on a twisted titanium wire was used as
the anode, which was pre-acclimated in microbial fuel cells with an external resistance of 1000
Ω for over 30 days until stable current was generated. The cathode was the prepared Mo2N
nanobelt cathode or the Pt/C cathode with a working area of 7 cm2 and a titanium wire current
lead. A plastic tube (1 cm in diameter, 3 mL in volume) was glued on the top of MECs near the
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cathode side to collect the gas. A gas bag (GSB-P/0.10, Calibrated Instruments, Inc.) was
connected to the tube via a needle penetrating through the rubber stopper on the top of the tube.
All connections were sealed with epoxy glue to ensure gas tightness.

Figure 3.1 A cube-type single chamber (28 mL) MEC lacking a membrane with a H 2 gas
collecting gas bag place on the top.

The MECs were operated under an applied voltage of 0.77 V in a fed-batch mode with
two duplicates. The growth medium was changed every cycle (~24 hours), which was 50 mM
phosphorous buffer solution (PBS) containing 1 g sodium acetate, 2.45 g NaH 2PO4·H2O, 4.28
g Na2HPO4, 0.13 g KCL, 0.31 g NH4Cl, 12.5 mL minerals, and 5 mL vitamins per liter (pH=7,
conductivity = 6.5 mS/cm) (Lu et al., 2019b). After the growth medium has been replenished
in each cycle, the gas collecting tube was flushed with N 2 gas and the evacuated gas bag was
connected to the tube. The currents (I) of MECs were monitored by connecting a 10 Ω resistor
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(R) between the power supply and the cathode. The voltage (U) over the resistor was recorded
every 30 minutes by a data acquisition system (PISO-813U, ICP DAS). The current was
obtained according to the Ohm’s law (I = U/R). The maximum current density (Imax, A/m2) was
calculated as the peak current in one cycle over the area of the cathodes (7 cm2).
3.2.4. Chemical analysis and calculations
The gas volume in the gas bag was determined by a water drainage method. The H2
concentration in the gas bag was measured using a gas chromatograph (GC, SRI Instruments,
310C) with a thermal conductivity detector and a molecular sieve column (Alltech Mole sieve
5A 80/100) (Bowman et al., 2009; Ginkel et al., 2001). The produced H2 volume was then
determined based on the measured concentration (C H2) and the total gas volume (Vgas) in the
gas bag and the gas collecting tube according to V H2 = Vgas × CH2. The H2 production rate
(QH2, m3-H2/m3/d) was calculated based on the produced H2 volume over the volume of the
reactor (per cycle). The chemical oxygen demand (COD) of the substrate in MECs was detected
at the beginning and the end of each cycle using test kits (Hach Co.). The coulombic efficiency
(CE, %) was the ratio of the electrical charge based on the current over the charge based on the
consumed substrate. The cathode hydrogen recovery (RCAT, %) was the ratio of the moles of
produced H2 over the theoretical generated H2 based on the current. The overall hydrogen
recovery (RH2, %) was the amount of produced H2 over the theoretical generated H2 based on
the consumed substrate, RH2 = CE × RCAT. The energy efficiency (WE, %) was the ratio of the
energy content of the produced H2 (energy density of 142 MJ/kg) to the input electrical energy.
The electrical energy consumption (Econs, kWh/m3-H2) was calculated based on the consumed
electrical energy and the produced H2 volume.

45

H2 production calculation
The H2 concentration (C𝐻2 , %) in the gas bag was measured using a gas chromatograph
(GC, SRI Instruments, 310C). The produced H2 volume was determined based on the measured
concentration (C𝐻2 ) and the total gas volume (Vgas) in the gas bag and the gas collecting tube.
v𝐻2 = Vgas∙ C𝐻2
Hydrogen production rate calculation
The H2 production rate (Q 𝐻2 , m3-H2/m3/d) was calculated based on the produced H2
volume over the reactor volume and the cycle time:
Q 𝐻2 =

V𝐻2
Vreactor ∙ 𝑡𝑐𝑦𝑐𝑙𝑒

=

Vgas ∙ C𝐻2
Vreactor ∙ 𝑡𝑐𝑦𝑐𝑙𝑒

where V𝐻2 is the volume of the produced H2, Vreactor is the volume of the reactor (28 mL),
and 𝑡𝑐𝑦𝑐𝑙𝑒 is the operation cycle time (24 h).
Columbic efficiency
The columbic efficiency (ηCE, %) was the ratio between the experimental coulombs by
integrating the current (I) over time and the theoretical coulombs calculated based on COD
changes (Ctheoretical = F∙b∙Van∙CCOD, F is Faraday’s constant, b = 4 indicates the number of
electrons exchanged per mole of oxygen, Van is the volume of liquid in the anode compartment,
and CCOD is the change of the COD over time).
𝑡𝑐𝑦𝑐𝑙𝑒

ηCE =

∫0

𝐼 𝑑𝑡

F∙b∙V𝑎𝑛 ∙∆COD

Energy efficiency
The energy efficiency (ηE, %) is the ratio of the energy content of the hydrogen produced
to the input electrical energy required:
ηE =

𝑛𝐻2 ∙∆𝐻2

2
∑𝑛
1 (𝐼𝐸𝑎𝑝 ∆t − 𝐼 𝑅𝑒𝑥 ∆t)
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where ΔH𝐻2 is the heat of combustion of the H2 (870.28 kJ/mol or 142 MJ/kg), 𝑛𝐻2 is the
number of moles of H2 produced during a batch cycle (𝑛𝐻2 =

Vgas ∙ C𝐻2
Vm

), Vm is the volume of

1 mol H2 gas under standard air pressure: 22.414L/mol, Eap (V) is the voltage applied using the
power source, Δt (s) is the time increment for n data points measured during a batch cycle, and
Rex is the external resistor (10 Ω).
Energy consumption
Specific energy consumption (Econs, kWh/m3-H2) was the ratio of consumed electrical
energy over the volume of produced H2 gas.
𝑡𝑐𝑦𝑐𝑙𝑒

Econs =

∫0

𝐸𝑎𝑝I𝑑𝑡

𝑉𝐻2 ∙3600

where Eap is the voltage applied to MEC (V), I is the current (A), V𝐻2 is the volume of
produced H2 gas (m3), and t is time (s).
Cathode hydrogen recovery
The cathode hydrogen recovery (rCAT , %) was the ratio of the moles of produced H2 over
the theoretical generated H2 based on the current.
rCAT =

n𝐻2
nCE

=

n𝐻2 ∙𝑛𝑒− ∙F
𝑡𝑐𝑦𝑐𝑙𝑒

∫0

I dt

Where 𝑛𝐻2 is the number of moles of H2 produced during a batch cycle (𝑛𝐻2 =

Vgas ∙ C𝐻2
Vm

);

nCE is the moles of hydrogen that could be recovered from the measured current, given
by nCE =CP/2F, where CP is total coulombs calculated by integrating the current over
𝑡

time (Cp = ∫0 𝑐𝑦𝑐𝑙𝑒 I dt), F is Faraday’s constant (96,485 C/mol electrons); 𝑛𝑒 − is the number
of electrons (2e-) transferred to reduce one molecular H2.
Overall hydrogen recovery calculation
The overall hydrogen recovery (r𝐻2 , %) is the amount of produced H2 over the theoretical
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generated H2 based on the added substrate:
𝑡𝑐𝑦𝑐𝑙𝑒

r𝐻2 = ηCE ×rCAT =

∫0

I dt

F∙b∙Van ∙∆COD

×

n𝐻2 ∙𝑛𝑒− ∙F

𝑡𝑐𝑦𝑐𝑙𝑒
I dt
∫0

=

n𝐻2 ∙ 𝑛𝑒− ∙F
F∙b∙Van ∙∆COD

3.2.5. Full-length 16S rRNA gene sequencing and bioinformatic analysis
The anode graphite brush fibers and the cathode carbon cloth were cut into small pieces
to collect the biofilms in duplicate. The total DNA samples were extracted using DNA Kit
(PowerSoil DNA Isolation Kits). The quantity and purity of the extracted products were
determined by Nanodrop (2000). Polymerase chain reaction (PCR) were conducted using the
primers

of

27F

(5′-AGAGTTTGATCCTGGCTCAG-3′)

and

1492R

(5′-

ACCTTGTTACGACTT-3′) for bacteria. The high-throughput sequencing of the full-length
16S rRNA gene amplicons was performed on PacBio RS II system (Pacific Biosciences, USA).
Individual DNA molecules were monitored with SMRT Cell method to record the fluorescently
labelled nucleotides in real-time (McCarthy, 2010). Circular consensus sequences (CCS) were
eliminated by the onboard software with 99% predicted accuracy. The raw data were treated to
remove the low-quality sequences and chimeras by MOTHUR program. The qualified
sequences were clustered into operational taxonomic units (OTU) with 97% identity. The
sequences were then phylogenetically aligned for species identification using RDP classifier
and BKASTIN tools against NCBI rRNA database. The MEGAN software was used to assign
the data down to species level. The alpha (such as Simpson and Shannon indices) and beta
diversities (principal coordinates analysis (PCoA) were calculated based on the OTUs data
using QIIME software (http://www.qiime.org).
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3.3. Results
3.3.1. Physicochemical characterizations
The SEM image of the prepared Mo2N nanobelts indicated that porous nanobelts were well
formed and aggregated with very few cracks and rough edges (Figure 3.2a). No obvious
morphology changes were observed compared to MoO3 nanobelts (insert of Figure 3.2a). The
porous structure of the prepared Mo2N nanobelts was further verified by TEM, where the
selected area electron diffraction (SAED) shown in the inserted figure indicated 0.5-10 nm
diameter pores with crystal patterns of (110), (200), and (220) (Figure 3.2b). The XRD analysis
showed the crystal structure of Mo2N nanobelts with the crystallinity intensities observed at
37.3˚ (111), 43.4˚ (200), 63.0˚ (220), and 75.6˚ (311) (Figure 3.2c). The existence of Mo2N in
the prepared Mo2N nanobelts was further confirmed by XPS analysis (Figure 3.2d), but a small
part of MoO3 in the prepared Mo2N nanobelts was also obtained, with the XPS region spectrum
of the elemental Mo showing two peaks: a large peak at 229.4 eV (peak area 52759)
corresponding to the chemical states of Moδ+ (Mo2N, 1 < δ < 2) and a small peak at 232.7 eV
(peak area 10001) representing the chemical states of Mo6+ (MoO3) (Figure 3.2e). The SEM
image of the Mo2N nanobelt cathode demonstrated successful coating of the Mo2N nanobelts
on the carbon cloth substrate (Figure 3.2f).
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Figure 3.2 (a) SEM image of the prepared Mo2N nanobelts (300 nm) and MoO3 nanobelts (300
nm, inserted), (b) TEM micrograph of the prepared Mo2N nanobelts (200 nm) with the selected
area electron diffraction pattern shown in the inserted image, (c) XRD of the prepared Mo2N
nanobelts, (d) XPS survey spectrum of the prepared Mo2N nanobelts, (e) XPS region spectrum
of the prepared Mo2N nanobelts for the elemental Mo, and (f) SEM micrograph of the Mo 2N
nanobelt cathode based on the carbon cloth (10 μm).
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3.3.2. Electrochemical characterizations
CP tests were conducted to compare the catalytic activities of the Mo2N nanobelt,
Mo2N/AC, and Pt/C cathodes on the HER (Figure 3.3a and Figure 3.3b). The Mo2N nanobelt
cathodes made by the ethanol method showed higher catalytic activities on the H 2 evolution
than the Mo2N/AC cathodes fabricated by the common AC method, and the catalytic activities
were even comparable to the common Pt/C cathode. The required potentials were -1.0 ± 0.03
V for the Mo2N-1, Mo2N-2, Mo2N-3, Mo2N-4, and Mo2N-5 cathodes to produce a current
density of 10 A/m2 (Figure 3.3a), which were higher than -1.09 ± 0.06 V for Mo2N/AC-1,
Mo2N/AC-2, Mo2N/AC-3, Mo2N/AC-4, and Mo2N/AC-5 cathodes (Figure 3.3b), and slightly
lower than that of the common Pt/C cathode (-0.9 ± 0.05 V). It should be noted that the activity
of the Pt/C cathode can also be improved if made by the ethanol method (Figure 3.4), but here
the comparison was made with a common Pt/C cathode to be consistent with most previous
studies [5, 20]. When increasing the Mo2N loading weights, no obvious improvements of the
catalytic activities were observed, which was accordant with the fact that the catalytic activities
of Pt catalyst did not enhance much when the Pt loading weights increased from 0.1 to 2
mg/cm2 in microbial fuel cells (MFCs) (Cheng et al., 2006).
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Figure 3.3 Results of CP tests of the prepared Mo2N, Mo2N/AC, and Pt/C cathodes: (a) Current
density-potential curves of Mo2N nanobelt cathodes with different catalyst loading weights (1,
2, 3, 4, and 5 mg/cm2) and the Pt/C cathode, (b) current density-potential curves of Mo2N/AC
cathodes with different catalyst loading weights (1, 2, 3, 4, and 5 mg/cm2), the Pt/C cathode
and the bare carbon cloth (CC) cathode.

Figure 3.4 Current density-potential curves of the Pt/C cathode fabricated using the ethanol
method and the normal Pt/C cathode.
The Mo2N-1 cathode with the least catalyst loading (1 mg/cm2) and PVDF binder (11
µL/cm2) had a higher activity than that of Mo2N/AC-1 with the same catalyst loading and a
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larger PVDF loading (86 uL/cm2), which also obtained a similar activity to the common Pt/C
cathode with a catalyst loading of 5 mg/cm2 Pt/C (i.e., 0.5 mg /cm2 Pt) and a PVDF loading of
86 µL/cm2. The ethanol method ensured good catalytic activities while greatly reduced the
loadings of the catalyst and the binder. The mechanisms could be that ethanol enhanced the
dispersion of the catalyst and PVDF binder to form a homogeneous catalyst layer but still
maintained the charge-transporting property of the cathode (Zhao et al., 2009). In the following
experiments, the Mo2N-1 nanobelt cathodes were tested for H2 production in MECs, as they
had very similar HER catalytic activities to the common Pt/C cathodes while consuming less
catalysts and binders.
3.3.3. H2 production performance
The currents produced in the MECs with Mo2N nanobelt cathodes were similar to those
with Pt/C cathodes for over 110 cycles (Figure 3.5a). The concentrations of H2 in the gas bag
were 50 ± 8% of the total gas, the other gases in the gas bag included 5% of methane and ~45%
of CO2 and N2. The H2 production rate (m3-H2/m3/d) was calculated based on the volume of
the produced H2 (the reactor volume was 28 mL and each cycle time was 24 hours), which
showed similar results between the MECs with Mo2N nanobelt and Pt/C cathodes (Figure 3.5b).
No obvious drop trend during the two-month operation indicated the high stability of the Mo2N
nanobelt cathode in MECs. The fluctuations of currents and H2 production rates could be due
to the fed-batch operation mode: when changing the growth media, oxygen may enter the
reactor to affect the microbial community (such as kill methanogenesis (Tice and Kim, 2014b)
or electrogenesis microbes (Logan et al., 2008a)) and increases the substrate degradation rates
(Logan et al., 2008a).
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Figure 3.5 (a) Electrical currents of the MECs with Mo2N nanobelt or Pt/C cathodes for over
110 cycles, (b) H2 production rates of the MECs with the Mo2N nanobelt or Pt/C cathodes for
~ 60 cycles.

The average H2 production rate of the MECs with Mo2N nanobelt cathodes was 0.39 ± 0.14
m3-H2/m3/d over ~110 cycles, even a little higher than that with Pt/C cathodes (0.37 ± 0.13 m3H2/m3/d) (Figure 3.5a). Compared with recently reported N-doped AC cathodes that obtained
a H2 production rate of 0.075 m3-H2/m3/d (calculated) at an applied voltage of 0.77 V with 1
g/L acetate substrate (Zhang et al., 2014), the Mo2N nanobelt cathodes showed significantly
better performance probably due to the high catalytic Mo metal. The results were also superior
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than a MoS2 cathode that had a H2 production rate of 0.015 m3-H2/m3/d (Yuan et al., 2014) and
a 3D hybrid of layered MoS2/nitrogen-doped graphene nanosheet aerogels (MoS2/N-GA) with
a H2 production rate of 0.19 m3-H2/m3/d at an applied voltage of 0.77 V with 1g/L acetate
substrate (Hou et al., 2014), indicating the enhanced catalytic activities by the N composite.
Besides, the H2 production rate at the Mo2N nanobelt cathode (0.39 m3-H2/m3/d) was higher
than those of popular Ni catalysts, e.g., Ni-AC cathodes with a H2 production rate of 0.3 m3H2/m3/d (Kim et al., 2018a) and nickel phosphide (Ni2P) cathodes with a 0.29 m3-H2/m3/d
production rate (Kim et al., 2019) under similar operation conditions (0.9 V applied voltage
and 1 g/L organic substrate).
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Figure 3.6 (a) The average H2 production rates and energy efficiencies, (b) the maximum
current densities and coulombic efficiencies, (c) the cathode hydrogen recovery and overall
hydrogen recovery of MECs with Mo2N nanobelt cathodes compared to Pt/C cathodes.
The energy efficiency was calculated based on the produced H2 over the input electrical
energy, which was 158 ± 13% for the MECs with Mo2N nanobelts cathodes and only slightly
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lower than those with Pt/C cathodes (166 ± 15%) (Figure 3.6a). The energy efficiency was
larger than 100% due to that the calculation was only over the input electrical energy and the
energy input derived from the organic substrate in wastewater was not included (Call and
Logan, 2008b). Notably, the electrical energy consumption was 2.87 kWh/m3-H2 based on the
produced H2 and the electrical energy input, which was much lower than that of water
electrolysis (4.5-50.6 kWh/m3-H2) (Miyake et al., 1999).
Coulombic efficiencies were used to evaluate the percentage of electrons from the organic
substrate converting to the current. The coulombic efficiencies of MECs with Mo 2N nanobelt
cathodes (90 ± 3%) was superior than that with Pt/C cathodes (77 ± 2%) (Figure 3.6b),
indicating that a larger portion of organics were removed providing electrons to the external
circuit. Accordingly, the maximum current density of the MECs with Mo2N nanobelt cathodes
(4.19 A/m2) was higher than that with Pt/C cathodes (3.84 A/m2) (Figure 3.6b).
The cathode hydrogen recovery indicates the portion of electrons used for the H 2
production at the cathode. The Mo2N nanobelt cathodes had a little lower cathode hydrogen
recovery (82 ± 2%) than Pt/C cathodes (90 ± 4%) (Figure 3.6c), showing the need of a bit more
electrons to produce the same amount of H2. However, attributing to the higher coulombic
efficiency, the overall hydrogen recovery of the MECs with Mo2N nanobelt cathodes (74%)
was larger than that of Pt/C cathodes (70%).
3.3.4. Microbial community structures of the electrode biofilms
The Mo2N nanobelt and Pt/C cathodes were characterized by SEM after they have been
used in MECs for over two months, which clearly showed biofilms developed on the surfaces
of the Mo2N and Pt/C cathodes (Figure 3.7). PacBio sequencing of 16S rRNA gene amplicons

57

showed that 43-73 OTUs were determined for each biofilm sample, and higher coverages of
99.1-99.8% implied the sequencing depth was enough (Table 3.1). Simpson and Shannon
indices indicated that the biofilm communities in MECs have relatively low diversity (Table
3.1). Principle coordinates analysis (PCoA) based on weighted unifrac distance demonstrated
differences of community structures between the anode (blue dots) and the cathode (red dots)
biofilms (Figure 3.8). The community structures also had obvious differences between the
Mo2N and Pt/C cathode biofilms (Figure 3.8).

Figure 3.7 SEM micrograph of the advanced nanobelt Mo2N cathodes and Pt/C cathodes. (a)
the SEM micrograph of the Mo2N cathodes before use; (b) The micrograph of the Mo2N
cathode after used in the MECs for wo months; (c) the SEM micrograph of the Pt/C cathodes
before use; (d) The micrograph of the Pt/C cathode after it has been used in the MECs.
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Figure 3.8 The PCoA results based on weighted unifrac distance to indicate the similarity of
the microbial community structures of the anode and cathode biofilms.

Table 3.1 Alpha dive rsity indexes of the anode the cathode biofilm communities.
Sample ID

OTU

ACE

Chao1

Simpson

Shannon

Coverage

Mo₂N-A1
Mo₂N-A2
Mo₂N-C1

55
73
65

64.54
91.76
75.44

60.50
103.00
76.67

0.52
0.24
0.28

1.44
2.33
1.89

1.00
0.99
1.00

Mo₂N-C2
PtC-A1
PtC-A2
PtC-C1
PtC-C2

43
70
61
43
72

79.68
78.50
78.71
65.01
74.34

88.50
79.75
74.60
52.17
73.67

0.36
0.21
0.18
0.20
0.35

1.55
2.34
2.31
2.08
1.83

1.00
1.00
0.99
1.00
1.00

The dominant phyla of both the anode and cathode biofilms were aligned into
Proteobacteria (77.2%~82.2%), Bacteroidetes (7.0%~17.6%), Firmicutes (2.9%~3.5%), and
Actinobacteria (0.34%~0.46%) (Figure 3.9a), all of which have been commonly reported in
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MECs (Croese et al., 2011; Lu et al., 2012b). The most dominant species of the anode biofilms
were Stenotrophomonas nitritireducens (36.9%~59.3%), Chryseobacterium indologenes
(2.1%~10.9%),

Alicycliphilus

sp.

(0.3%~8.9%),

and

Chryseobacterium

montanum

(2.2%~4.2%) (Figure 3.9b). The most dominant species in the Mo2N and Pt/C cathode biofilms
were Stenotrophomonas nitritireducens (15.7%~28.1%), Stenotrophomonas maltophilia
(5.2%~33.0%), Comamonas testosterone (5.3%~11.9%), Soehngenia sp. (0.6%~9.2%),
Pseudomonas protegens (1.0%~8.8%), and Chryseobacterium montanum (0.3%~6.7%)
(Figure 3.9b). The relative abundance of Stenotrophomonas nitritireducens was 36.9%~59.3%
in the anodic biofilms, which decreased to 15.7%~28.1% in the cathode biofilms. The relative
abundance of Pseudomonas protegens was only 0.1%~0.3% in the anode biofilms but it
increased to 1.0%~8.8% in the cathode biofilms. The abundances of the other species such as
Stenotrophomonas maltophilia and Comamonas testosterone also varied within the anode and
the cathode biofilms (Figure 3.9b).
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Figure 3.9 (a) the dominant phyla of the microbes observed from the anode biofilms and the
Mo2N and Pt/C cathode biofilms, (b) the most dominant species of the microbes observed on
the anode biofilms and the Mo2N and Pt/C cathode biofilms.

The relative abundance of Stenotrophomonas nitritireducens was 6.7%~49.5% in the
Mo2N cathode biofilms, which decreased to 0.9%~30.5% in the Pt/C cathode biofilms. While
the relative abundance of Stenotrophomonas maltophilia was 1.3%~9.1% in the Mo2N biofilms,
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and it increased to 9.1%~56.9% in the Pt/C biofilms (Figure 3.9b). In contrast, the relative
abundance of the most dominant specie Stenotrophomonas nitritireducens was 22.8%~51.0%
in the anode biofilms with Mo2N as the cathodes, which was still in high proportions
(47.6%~71.0%) in the biofilms of the anodes that were configurated with the Pt/C cathodes
(Figure 3.9b). Furthermore, the heatmap based on clustering analysis showed the differences
in the community structures between different cathode biofilms at the genus level (Figure 3.10).
The relative abundance of dominant populations (such as Petrimonas, Achromobacter, and
Soehngenia) varied in the biofilms of the Mo2N cathodes and the Pt/C cathodes.

Figure 3.10 Heatmap of the microbial communities in the cathode biofilm at genus
level. The numerical magnitude was represented by the degree of color.
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3.4. Discussion
The Mo2N nanobelts catalyst showed excellent catalytic activities on the HER. The MECs
with Mo2N nanobelt cathodes efficiently produced H 2 at a rate of 0.39 m3-H2/m3/d, which was
comparable to that with common Pt/C cathodes (0.37 m3-H2/m3/d), and was superior than other
catalysts such as N-doped AC cathodes (0.075 m3-H2/m3/d), MoS2/nitrogen-doped graphene
nanosheet aerogels (0.19 m3-H2/m3/d) (Hou et al., 2014), Ni-AC cathodes (0.30 m3-H2/m3/d)
(Kim et al., 2018a), and nickel phosphide (Ni2P) cathodes (0.29 m3-H2/m3/d) under similar
operation conditions (0.8~0.9 V applied voltages and 1g/L organic substrate). The strong
catalytic ability of the Mo2N nanobelts could be attributed to the reduced activation barrier and
the promoted electronic communication (Werner et al., 2016). In mechanism, the Mo metal
with a low H binding energy (CGH*) reduced the activation barrier for the absorption of H
atoms onto catalyst active sites (Jaramillo et al., 2007) and N balanced the charges on the
surface to induce more active sites (Tao et al., 2016). The porous nanobelt structure was also
beneficial to increase the active sites and enhance the ion transportation between the liquid
electrolyte and the solid catalyst (Wang et al., 2017a).
The most abundant species Stenotrophomonas nitritireducens (36.9%~59.3%) in the
anode biofilms of the MECs was a denitrifying species phylogenetically placed in phylum
Proteobacteria (Venkidusamy and Megharaj, 2016). Although it has not been reported as an
electroactive microbe (Finkmann et al., 2000), the species Stenotrophomonas maltophilia was
known as an electroactive bacteria (Venkidusamy and Megharaj, 2016), and Stenotrophomonas
nitritireducens was very likely to be an electroactive bacterium in the anode biofilms. The
common electroactive species Geobacter metallireducens and Geobacter sulfureting were not
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detected in neither the anode biofilms nor the cathode biofilms, and Geobacter anodireducens
was in low proportions in all anode communities (0%~0.1%) (Logan, 2009b). The possible
reason could be the low-abundant Geobacter in the original inocula (Lu et al., 2012b). More
diverse and unknown electroactive bacteria still need to be explored to know extracellular
electron transfer better (Lu et al., 2012b).
The dominate species Stenotrophomonas maltophilia (5.2%~33.0%), Comamonas
testosterone (5.3%~11.9%), and Pseudomonas protegens (1.0%~8.8%) of the cathode biofilms
were capable for extracellular electron transfer (Ai et al., 2020; Venkidusamy and Megharaj,
2016; Xing et al., 2010). Comamonas testosteroni can accept electrons extracellularly and
reduce nitrite (Xing et al., 2010), which has also been reported to utilize electrons at propriate
potentials in a MFC biocathode (-0.3 V vs SHE) (Huang et al., 2013). These dominant species
were possible to accept electrons from the cathode and support the bacterial growth (Han et al.,
2020). The different relative proportions of Stenotrophomonas nitritireducens (6.7%~49.5% vs
0.9%~30.5%) and Stenotrophomonas maltophilia (1.3%~9.1% vs 9.1%~56.9%) in the Mo2N
and Pt/C cathode biofilms suggested strong influences of the Mo2N and Pt/C cathodes materials
on the biofilm community assemblies, although the relations with the microscopic structures,
the particle sizes, and other physical characteristics of the catalysts require a further research.
The dominant populations of the anode biofilms were similar and it was consistent with that of
the PCoA results. The interactions between biofilm microbiome and electrode surfaces could
be important factors to influence H2 production (Bond and Lovley, 2003; Croese et al., 2011).
This study used non-noble metal Mo and N to decrease the material cost and employed a
cost-effective ethanol method to fabricate the electrodes. The ethanol method was
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demonstrated effective to disperse heat-treated catalyst ink to prevent the agglomeration of
catalysts while requiring much less catalyst and binder (Garsany et al., 2010). Compared to
Pt/C cathodes made by the common AC method, the Mo2N nanobelt cathodes made by the
ethanol method needed only 1/5 of catalyst loading (1 mg/cm2 Mo2N vs. 5 mg/cm2 Pt/C) and
1/7 of PVDF binder (11 uL/cm2 for Mo2N and 86 uL/cm2 for Pt/C). The estimated cost of the
Mo2N nanobelt catalyst was only $31/m2 (supporting information Table 3.2 and Table 3.3) ,
which was much less than that of the Pt/C catalyst ($1930/m2) (supporting information Table
3.4) and the MoS2 catalyst ($57/m2) (Tokash and Logan, 2011).

Table 3.2 Calculations of the cost of Mo2N nanobelts as powder catalysts in unit of $/g.
Material
Ammonium
HNO3
Ammonia gas under Mo2N nanobelts
molybdate
(65 wt.%)
high pressure
Mass
Price
Cost to make 1 g
Mo2N nanobelts

0.6 g/g
$ 0.41/g
$ 0.246/g

15 mL/g
$ 0.07/mL
$ 1.05/g

1 L/g
$1.77/L
$ 1.77/g

1g
$ 3.07/g

Table 3.3 Calculations of the cost of Mo2N nanobelts when applied on cathodes in unit of $/m2.
Material

Mo2N nanobelts

Mass loading

1 mg/cm2

Cost to make 1 g Mo2N nanobelts

$ 3.07/g

Cost of Mo2N per m2 cathode

$30.7/m2
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Table 3.4 Calculations of the cost of Pt/C catalyst when applied on cathodes in unit of $/m2.
Material

Pt/C catalyst (loading 5 mg/cm2 )

Mass loading

50 g/m2

Cost to make 1 g Pt/C catalyst

$ 38.6/g (10 wt.%)

Cost of Mo2N per m2 cathode

$ 1930/m2

3.5. Conclusions
Cost-effective Mo2N nanobelt cathodes were prepared using an ethanol method for
efficient H2 production in MECs. The catalytic activity of the Mo2N nanobelt cathodes was
comparable to that of common Pt/C cathodes. The H2 production rate of 0.39 m3-H2/m3/d, the
coulombic efficiency of 90%, and the overall hydrogen recovery of 74% were similar to the
MECs with Pt/C cathodes. The cost of the Mo2N nanobelt catalyst ($31/m2) was greatly
reduced due to the low price of Mo2N nanobelts and the less loadings of the catalyst, comparing
to that of Pt/C catalyst ($1930/m2). The most dominant species of the anode communities was
Stenotrophomonas nitritireducens. The most dominant species of the Mo2N and Pt/C cathode
communities were Stenotrophomonas nitritireducens, Stenotrophomonas maltophilia, and
Comamonas testosterone. The PacBio sequencing of 16S rRNA gene demonstrated responses
of the dominant populations to the different Mo2N and Pt/C cathodes.
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CHAPTER 4. SOLAR-BIASED MICROBIAL ELECTROLYSIS CELLS
FOR HYDROGEN PRODUCTION UNDER VISIBLE LIGHT
IRRIDATION
4.1. Introduction
The global dependance on fossil fuels has caused problems of climate change and energy
insecurity (Creutzig et al., 2017). Exploring renewable energy sources is urgently demanded.
Sources such as solar, wind, tidal, and salinity gradients are promising alternatives to fossil
fuels (Brockway et al., 2019). Solar energy, the most abundant energy source in the world, is
inexhaustible and renewable with a big potential to meet the increasing energy demand
(Creutzig et al., 2017). However, large-scale solar energy storage is challenged by weather
conditions and daily, monthly, and seasonal fluctuations (Crabtree and Lewis, 2007). An
appealing solution is to convert solar energy into storable forms, which not only adjusts the
fluctuations but also releases the surplus energy when required (Daskalaki et al., 2010). H2 is
a green energy carrier with high energy intensity (143 KJ/g) and its combustion is carbon-free
to mitigate the current reliance of fossil fuels (Wang et al., 2009). Developing sustainable and
clean methods to produce H2 while preventing CO2 emission is desirable.
Water splitting is promising for H2 generation as it requires only water as the reactant and
produces H2 and O2 (Gao et al., 2015). However, in a electrochemical system, the overall water
splitting requires an extra bias (>1.23 V) because the reaction cannot happen spontaneously
(H2O → H2 + 1/2 O2, ΔG° = 237.2 kJ mol−1) and the process is unsustainable (Zhu et al., 2014a).
Photoelectrochemical cells (PECs) can obtain H2 production under light irradiation with a small
or zero electricity demand (Zou et al., 2001). The photoanode or the photocathode of a PEC
can receive the solar protons from light and convert them into pairs of photoelectrons (photo
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e-) and holes (h+) (Oh et al., 2011; Yao et al., 2020). Then the photo e- and h+ separate and
transfer to the electrode surfaces for redox reactions (Oh et al., 2011; Yao et al., 2020).
Noticeably, the redox reactions only happen when the anode reaction potentials is more positive
than the valence band (VB) position of the photoanode and when the cathode reaction potential
is more negative than the conductive band (CB) position of the photocathode (Kumar et al.,
2018; Yang et al., 2019). Also, the cathode potential in a PEC should be more positive than the
anode potential to drive the reactions to happen, if not, applying an external bias is demanded
to overcome the reaction barrier (Liu et al., 2015). In a PEC with a photoanode, oxygen
evolution reaction (ER, 2H2O → 4H++O2+4e-, E =0.82 V vs NHE) is driven by the h+ and the
photo e- are transferred to the cathode to produce electrical currents (Kay et al., 2006;
McDonald and Choi, 2011). On a photocathode, hydrogen evolution reaction (HER, 2H+ + 2e→ H2, E = -0.41 V) happens using the photo e-, and the h+ are consumed by the e- from the
anode (Chen et al., 2012). With proper uses of photoelectrodes, H2 production can be achieved
using a very small external bias (Lianos, 2011). However, many PECs are still limited by the
use of ultraviolet (UV) light, acidic or base electrolytes, and organic sacrificial agents are in
high costs (Lianos, 2011; Wang et al., 2019b).
Microbial activities play important roles in H2 production (Logan et al., 2008b). In a
microbial electrolysis cell (MEC), electroactive microbes serve as catalyst on the anode and
they use organics in wastewater as the electron donators for oxidation reaction (C 2H4O2 + 2H2O
→ 2CO2 + 8e- + 8H+, Eanode = -0.29 V vs NHE) (Logan et al., 2008b). The produced e(biological e-) transfer from the anode through the external electrical circuit to the cathode for
hydrogen evolution reaction (8H+ + 8e- → 4H2 , ECathode = -0.41 V vs NHE) (Call and Logan,
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2008a). Overall, MECs require a > 0.12 V applied voltage for hydrogen generation and is much
more energy efficient compared to water splitting (0.12 V vs 1.23 V) (Lu et al., 2009b).
Nevertheless, the external power consumption is unwanted and self-sustained H2 production is
demanded.
Microbial photoelectrochemical cells (MPECs) demonstrated self-sustaining hydrogen
production by combing the microbial and solar electrochemical catalyzation to overcome the
reaction thermodynamic barrier (Qian et al., 2010). MPECs have different configurations based
on the use of photoanodes or photocathodes. The mechanism of MPECs with a photocathode
is that the bioanode produces biological e- from organics in wastewater and the biologic e- are
transferred to the photocathode for H2 production, the photocathode generated photo e- and h+
under light irradiation and the photo e- drove hydrogen production and the photo-h+ consume
the e- from the anode (He et al., 2014). Previously, a MPEC coupled a TiO2 photocathode (CB
= -0.5V at pH=7) with a bioanode for self-sustainable H2 generation (He et al., 2014). Although
the system had the hydrogen yield of 3.5 μmol/h without external voltage, it required UV light
irradiation that was not as sustainable as solar light (He et al., 2014). A CuxO/NiOx based
photocathode MPEC was developed and the H 2 production rate was 5.09 μL/h/cm2 under
visible light illumination, but a 0.2 V external bias was still needed (Liang et al., 2016). A more
recent photocathode MPEC used a swiss-cheese black silicon (Si) photocathode and coupled a
bioanode for H2 production (Lu et al., 2019a). The system achieved up to unbiased 23 mA/cm2
current density using visible light, however, 0.2 M H2SO4 was used as the catholyte which was
an extra cost (Lu et al., 2019a).
MPECs with photoanodes have been proposed for electricity production (Du et al., 2014;
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Du et al., 2017) and H2 production (Kim et al., 2018b; Wang et al., 2013). In a previous MPEC,
the bio-photoanode produces biological e- from organics in water as well as accepting light
energy to generate photo e- and h+ on the anode, the h+ is compensated by the biological e-, and
the photo e- transfer to the cathode for H2 production. In a previous MEC with an external TiO2
nanotube array photoanode, 0.37 mA/cm2 current density and 1434 mmol/m3/h H2 generation
rate were obtained under visible light, but it needed a 0.4 V voltage due to the wide band gap
of TiO2 (Kim et al., 2018b). Another system connected a microbial fuel cell (MFC) and a PEC
externally for H2 production, using a TiO2 nanowire-arrayed photoanode and a platinum (Pt)
in the PEC and a bioanode and an air cathode in the MFC (Wang et al., 2013). The system
confirmed the generation of H2 at zero bias (Wang et al., 2013), however, the current density
was very low (0.013 mA/cm2). Promisingly, a combination of an iron oxide (NiFeO x)
photoanode and Si photocathode achieved unassisted solar water splitting in a PEC (Jang et al.,
2015), which demonstrated self-sustainability using dual photoanode and photocathode.
Configurating both photoanode and photocathode in MPECs would bring more advantages in
solar energy conversion.
In this study, we proposed a novel MPEC configurated with a bioanode, a hematite (Fe2O3)
photoanode, and a Si photocathode for H2 production from wastewater, called a solar-MEC.
The dual photoelectrodes were used to improve solar energy harvest and the bioanode could
enhance the current generation and organics degradation. The system requires no external
biases to produce electricity and H2 gas under 1 sun irradiation.
4.2. Materials and methods
4.2.1. Fabrication of the photoanode and bioanode
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Fe2O3 photoanodes were fabricated following a previous method (Chong et al., 2019).
Detailly, 4.055 g FeCl3·6H2O (15 mmol, Sigma Aldrich) and 0.9008 g urea (15 mmol, VWR
International) were dissolved in 50 mL deionized (DI) water in a autoclave. Fluorine doped tin
oxide (FTO) glass (1.5 cm × 1 cm, ~7 Ω/sq, Sigma Aldrich) was firstly cleaned using acetone,
ethanol, and DI water successively. The non-conductive side and part of the conductive side
(0.5 cm × 1 cm) of the FTO was protected with polyimide tape to avoid chemical pollution
and the glass was placed vertically in a autoclave with the conducting surface facing the wall.
After heating at 100 °C for 12 h, the FTO with FeOOH film (1 cm × 1 cm ) was cooled
naturally in the autoclave. The film was washed with DI water for three times and dried in air.
At last, the FTO was annealed briefly at 800 °C in a muffle oven (Thermal Scientific) for 5 min
to obtain the dark red Fe2O3 film. A copper wire was connected to the blank conductive side
(0.5 m × 1 cm) of FTO as the current lead and the contact area was covered with layers of
conductive silver paste (Sigma Aldrich), Loctite 9462 Hysol, and E-120HP, successively (Lu
et al., 2019a).
To prepare the bioanodes, graphite fiber brushes (2.5 cm in diameter, 2.5 cm in length)
were accumulated with electroactive biofilms on the surface in one-chamber cubic microbial
fuel cells (MFCs) which were fed by anaerobic sludge inoculum collected from the Baton
Rouge Wastewater Treatment Plant (Lu et al., 2019c). After the electricity production become
stable in MFCs, the bioanodes were transferred into microbial electrolysis cells (MECs) for
further accommodation to H2 production condition and they were finally transferred into the
solar-MECs for tests.
4.2.2. Fabrication of the photocathode
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The Si photocathode was prepared using an Ag-assisted chemical etching method (Zang
et al., 2014). Briefly, Si wafer (100 phase, 1~5 Ω cm, universitywafer.com) was washed with
DI water before use, then it was immersed into a 1:3 v/v 30% H 2O2 : concentrated H2SO4
solution for 10 min, followed by immersing it into 5 wt.% HF for 2 min and then in 0.02 M
AgNO3 and 3.6 M HF for 60 min. The Si sample was finally soaked in diluted HNO 3 for 1 h to
remove impurities to obtain the black Si (b-Si). Each time before use, the b-Si photocathodes
(~0.8 cm2 in area) was immersed in 5 wt.% HF for 5 min and dried under N 2 to remove SiO2
layer. For Pt deposition, the b-Si electrodes were immersed in 5 mM H2PtCl6 for 30 s, washed
with DI water, and dried under N2 (Aguiar et al., 2016). To fabricate b-Si/MoSx photocathodes,
the b-Si wafer was treated using reductive electrodeposition at -0.3 V vs Ag/AgCl in 5mM
[(NH4)2MoS4] and 0.5 M Na2SO4 solution following a previous method (Gu et al., 2017). The
backside of the Si photocathodes was connected to copper wire with a total coverage of GaIn
liquid metal and the silver paste. The whole back surface was then covered with two layers of
epoxy paste Loctite 9462 Hysol and E-120HP (Lu et al., 2019a).
4.2.3. Configuration of the solar-MEC
The solar-MECs were single-chamber polycarbonate reactors with a cubic shape outside
and a horizontal cylindrical space inside (3 cm in diameter, 4 cm in length, and 28 mL in volume)
(Figure. 4.1). Two pieces of quartz glass was fixed on the left and right sides for light
transmission. On the left side, the vertically placed photoanode (1 cm2) has the nonconductive
side facing out to the quartz glass and the conductive side was closely compressed with the
bioanode. The graphite fiber brush bioanode (2.5 cm in diameter, 2.5 cm in length) was placed
vertically in the cylindrical space next to the photoanode. On the right side, the photocathode
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has the treated side facing the quartz glass vertically. The photoanode and the bioanode were
connected parallelly using a wire before connected to the photocathode. A gas tube (0.8 cm in
diameter, 5 mL in volume) was glued on the top of the reactor next to the photocathode for H2
collection. The chamber on the bioanode side was sealed with a rubber stopper and all the other
parts of the solar-MECs were carefully glued using epoxy for gas tightness.
4.2.4. Physiochemical characterizations of the photoelectrodes
The morphologies of the Fe2O3 photoanodes and b-Si/Pt and b-Si/MoSx photocathodes
were observed using FEI Quanta 3D FEG FIB/SEM (ThermoFisher Scientific Inc. USA) by
scanning electron microscope (SEM) equipped with energy dispersive spectrometer (EDS). Xray photoelectron spectroscopy (XPS) was tested using an AXIS165 spectrometer (ESCA 2SR,
Scienta Omi-cron, US) with a twin-anode Al Karadiation. The peak fitting were conducted
using Casa XPS software.

Figure 4.1 Schematic figure of the one-chamber solar-MEC with a Fe2O3 photoanode, a
bioanode, and a b-Si photocathode under 1 sun irradiations from the anode and the cathode
sides. Synthetic wastewater (pH =7) was used as the electrolyte in the system.

4.2.5. Photoelectrochemical tests of the photoelectrodes
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Linear sweep voltammetry (LSV) of the photoanode and photocathode was tested in a
single chamber reactor using 100 mM PBS with 1 g/L acetate as the electrolyte. The single
chamber cubic reactor with two quartz glass windows face to face to allow light transport. The
working electrode was either the Fe2O3 photoanode, the b-Si/Pt photocathode, or the bSi/MoSx photocathode. The counter electrode was a graphite rod and the reference electrode
was Ag/AgCl (Saturated KCl). The lamp source used for solar irradiations was a 300 W Xearc lamp (Newport, USA) equipped with a liquid filter to block infrared irradiation. The
intensity of the light was 1 sun (100 mW/cm2) calibrated using an optical power meter coupled
with a thermal sensor (Thorlabs, USA). The potentials were swept from 0.2 to -1.0 V vs.
Ag/AgCl at the scan rate of 20 mV/s using a potentiostat (VMP3, Bio-Logic) for the
photocathode and the range was 0 V-1.1 V vs. Ag/AgCl for the LSV test of the photoanode.
The equation E(NHE) = EAgAg/Cl + 0.059 × pH + E°Ag/AgCl (E°Ag/AgCl = 0.1976 V at 25 °C) was
used to convert the potential vs. Ag/AgCl into that vs. normal hydrogen electrode (NHE).
The incident photon-to-current efficiencies (IPCE) tests of the Fe2O3 photoanodes and the
b-Si photocathodes were measured in the same reactor as that of the LSV test. The electrolyte
was 100 mM PBS containing 1 g/L acetate and the lamp source was the same 300 W Xe-arc
lamp (Newport, USA) equipped with a liquid filter. The light intensity was set to be 100
mM/cm2 during the tests by adjusting the distance between the lamp source and the
photoelectrodes. In the IPCE tests, ten band-pass filters (360 nm, 400 nm, 460 nm, 500 nm,
560 nm, 600 nm, 650 nm, 710 nm, 760 nm, 800 nm, FWHM-10; Thorlabs) were used to filter
the lamp light (Lu et al., 2019a). The photocurrent density at the irradiation intensities (ΔJλ ,
mA/cm2) was monitored under the applied potential (1.0 V for the photoanode and -0.6 V for
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the photocathode, vs. Ag/AgCl). The photon flux (I, mW/cm2) was determined at each
wavelength using the power meter. The equation to calculate the IPCE is:
IPCE% =

1240×ΔJλ (mA/cm2 )
λ (nm)×I(mW/cm2 )

4.2.6. Photoelectrochemical tests of the solar-MECs
During the photo-electrochemical tests, the photoanode and the bioanode of the solarMECs were connected externally using a copper wire as the working electrode and the
photocathode served as the counter and reference electrode. Two identical 300 W Xe-arc lamp
(Newport, USA) equipped with a liquid filter were used as the lamp sources, which focused on
the photoanode and photocathode, respectively. Both of the light intensities were fixed at 100
mW/cm2 to obtain 1 sun illumination. The photocurrents and dark currents were monitored by
chronoamperometry (CA) technique at 0 V vs photocathode (also served as the reference
electrode) using the potentiostat. The voltage between the working and the counter electrodes
and the potentials of the three electrodes were monitored using the open circuit voltage (OCV)
technique under open circuit condition. The current density (mA/cm2) was determined as the
currents over the electrode area (1 cm2). For H2 measurement, H2 concentration was determined
using a gas chromatograph (GC, SRI Instruments, 310C) equipped with a molecular sieve
column (Alltech Mole sieve 5A 80/100) and a thermal conductivity detector. The total gas
volume was taken as the volume of the gas tube (5 mL). The H 2 volume was determined based
on the concentration (CH2) and the gas volume (Vgas = 5 mL) in the gas tube (VH2 = Vgas × CH2).
The H2 production rate (QH2, µmol/h/cm2) was calculated based on the produced H2 volume
over the reactor volume. The chemical oxygen demand (COD) of the substrate was detected at
the beginning and end of each cycle using Hach Co. test kits. The pH and conductivity were
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determined using a pH meter and conductivity (Thermo, USA).
4.3. Results
4.3.1. Morphology characterizations
The Si obtained a rough and porous surface after the metal-assisted chemical etching
treatment (Figure 4.2), which was called black silicon (b-Si) due to the color change. The b-Si
were further deposited by Pt or MoSx catalyst to improve the hydrogen production performance
(Figure 4.3 and Figure 4.4). For the b-Si/Pt photocathode, nanoparticles of Pt (20 -100nm)
distributed on the surface of the porous b-Si photocathode as individual or continuous islands
(Figure 4.3a), which distribution was more dense on the rough areas than that of the smooth
areas (Figure 4.3b). SEM-EDS mapping demonstrated the compositions of Si and Pt on the
photocathode surface (Figure 4.3c and Figure 4.3d). The thickness of the Pt layer on the rough
Si surface was around 200 nm according to the SEM result in cross-sectional view (Figure
4.3e). The XPS analysis also indicated the presence of Pt layer on the b-Si photocathode (Figure
4.3f).

Figure 4.2 Characteristics of etched b-Si photocathode interface. (a) SEM images of the
surface morphologies in planar (500 nm). and (b) (10 µm).
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Figure 4.3 Characteristics of b-Si/Pt photocathode interface. (a) SEM images of the surface
morphologies in planar (500 nm) and (b) (10 µm). SEM-EDS images to reveal the distributions
of Si (c) and Pt (d). (e) A SEM image of the photocathode in cross-sectional view. (f) XPS
spectra of Pt 4f reveals the presence of the Pt layer.

MoSx nanospheres were observed on the surface of the b-Si photocathode (Figure 4.4a
and Figure 4.4b). The size of the nanospheres of the MoSx were around 150-200 nm and
distributed evenly with ignorable particle accumulations on the b-Si surface. (Figure 4.4a and
Figure 4.4b). The composition of the elements Si, Mo, and S were revealed by SEM-EDS
mapping (Figure 4.4c, 4.4d, and 4.4e). The thicknesses of the MoSx nanosphere layer were 50-
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60 nm according to SEM result in a cross-sectional view (Figure 4.4f). The XPS results
confirmed the presence of the MoSx nanosphere layer by revealing the Mo 3d and S 2p (Figure
4.4g and Figure 4.4h)
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Figure 4.4 Characteristics of b-Si/MoSx photocathode interface. (a) SEM images of the surface
morphologies in planar (500 nm) and (b) (10 µm). SEM-EDS images to reveal the distributions
of Sn (c), Fe (d), and O (e). (f) A SEM image of the photocathode in cross-sectional view. (g)
XPS spectra of Mo 3d and (h) S 2p reveal the presence of the MoS x layer.
79

The sizes of the Fe2O3 nanorods locating on the FTO conductive glass surface were in the
range of 50-400 nm (Figure 4.5a). The Fe2O3 nanorods accumulated on the surface as a dense
layer continuously (Figure 4.5b) and the SEM-EDS mapping results indicated Sn, Fe, and O
composites on the photoanode surface (Figure 4.5c, 4.5d, and 4.5e). The cross-sectional image
of the Fe2O3 photoanode demonstrated ~800 nm thickness of the Fe2O3 layer (Figure 4.5f). The
XPS spectra detected Fe 2p and O 1s on the FTO conductive glass surface and confirmed the
Fe2O3 layer (Figure 4.5g and Figure 4.5h).
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Figure 4.5 Characteristics of Fe2O3 photoanode interface. (a) SEM images of the surface
morphologies in planar (500 nm) and (b) (10 µm). SEM-EDS images to reveal the distributions
of Sn (c), Fe (d), and O (e). (f) A SEM image of the photocathode in cross-sectional view. (g)
XPS spectra of Fe 2p and (h) O 1s reveal the presence of the Fe2O3 layer.
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4.3.2. Photo-electrochemical characterizations of the photoanodes and photocathodes
Linear scanning voltammetry (LSV) of the Fe2O3 photoanode and the b-Si/Pt
photocathode was tested in 100 mM PBS solution containing 1g/L acetate. At the potential of
-1.0 V vs Ag/AgCl, the photocurrent density of the b-Si/Pt photocathode was 6.8 mA/cm2,
which was much higher than that of the b-Si/MoSx (3.0 mA/cm2) (Figure 4.6a). The dark
current density was neglectable compared to the photocurrents (Figure 4.6a). Based on the LSV
results, b-Si/Pt photocathode with a better performance was used as the photocathode in the
solar-MECs for further tests. The photocurrent of the Fe2O3 photoanode was 1.5 mA/cm2 at the
potential of 1.0 V vs Ag/AgCl and the dark current density of the photoanode was around zero
at all the scanned potentials (Figure 4.6b).

Figure 4.6 Linear scanning voltammetry (LSV) tests of the (a) b-Si/Pt and b-Si/MoSx
photocathodes and (b) Fe2O3 photoanode before using in the solar-MEC.

The incident photon-to-current efficiencies (IPCE) tests indicated visible-light responses
of the photocathode and the photoanode (Figure 4.7). The IPCE of b-Si/Pt photocathode was
34% at 360 nm and 23% at 650 nm (Figure 4.7a). The Fe2O3 photoanode had the IPCE
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maximized at 360 nm (14%), which decreased to almost zero after 600 nm (Figure 4.7b). The
IPCE results indicated effective absorption of visible light using the Fe2O3 photoanode and the
b-Si/Pt photocathode.

Figure 4.7 IPCE experiments of the photocathode and photoanode using a 300 W Xe arc-lamp
source and 10 band pass filters. (a) b-Si/Pt Fe2O3 under -0.6 V vs Ag/AgCl in 100 mM PBS
containing 1 g/L acetate (pH=7). (b) Fe2O3 photoanode under 1.0 V vs Ag/AgCl in 100 mM
PBS containing 1 g/L acetate (pH=7).

4.3.3. Photocurrent generation in solar-MECs
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Figure 4.8 Photocurrents, voltages, and potentials of the solar-MEC under 1 sun on/off
irradiations from the anode and the cathode sides. (a) Photocurrents of the solar MEC. (b)
Voltage between the anode (photoanode and bioanode were connected externally using a wire)
and the photocathode. (c) Potential of the anode vs. Ag/AgCl. (d) Potential of the photocathode
vs. Ag/AgCl. All the experiments were conducted under 2 minutes light irradiation and 6
minutes dark in intermittent operation.

The photocurrent density of the solar MECs with the solar irradiations on both the anode
and the cathode sides was 0.45 mA/cm2 without external bias and the dark current was ~0.02
mA/cm2 without the illuminations (Figure 4.8a). Under the solar irradiation, the cell voltage
decreased from -0.34 V to -0.38 V (Figure 4.8b). The anode (referred as the connected
photoanode and bioanode) potential decreased very slightly from -0.415 V to -0.417 V (vs.
Ag/AgCl) at the beginning and then stabled at ~0.45 V at the end of the test. This was due to
the light response of the photoanode that convert solar energy into electricity. The parallel
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connection of the photoanode and the bioanode resulted in the same electrode potential at ~
0.45 V, showing that the bioanode (-0.5 V vs. Ag/AgCl when disconnected with the bioanode)
helped the photoanode (~ -0.1 V vs. Ag/AgCl when disconnected) to obtain a more negative
potential which favors the overall water splitting reaction (Wang et al., 2013). From dark to
light The photocathode potential increased -0.07 V to -0.05 V (Figure 4.8c and Figure 4.8d).
Both the anode and the photocathode showed responses of the electrode potential to the solar
irradiations.

Figure 4.9 Photocurrents, voltages, and potentials of the solar-MEC from the cathode side. (a)
Photocurrents of the solar MEC. (b) Voltage between the anode (photoanode and bioanode
were connected externally using a wire) and the photocathode. (c) Potential of the anode vs.
Ag/AgCl. (d) Potential of the photocathode vs. Ag/AgCl. All the experiments were conducted
under 2 minutes light irradiation and 6 minutes dark in intermittent operation.
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When only the cathode side irradiated, the photocurrent of the solar-MEC was 0.38
mA/cm2 (Figure 4.9a), which was slightly lower than that with both lights on (0.45 mA/cm2,
Figure 4.8a). The voltage increased from 0.384 V to 0.389 V when switched from dark to light
(Figure 4.9b). The anode potential (~0.456 V) varied very slightly during the operation with
the light switched on and off intermittently (Figure 4.9c). The cathode potential was -0.073 V
under dark which increased to -0.068 V under light (Figure 4.9d). The results showed that the
cathode side irradiation had very small influences on the photoanode, it could be due to
blocking effects of the graphite brush bioanode with a big surface area (2235 cm2) set between
the photoanode and photocathode (Zuo et al., 2007).

Figure 4.10 Photocurrents, voltages, and potentials of the solar-MEC under 1 sun on/off
irradiations from the anode side. (a) Photocurrents of the solar MEC. (b) Voltage between the
anode (photoanode and bioanode were connected externally using a wire) and the photocathode.
(c) Potential of the anode vs. Ag/AgCl. (d) Potential of the photocathode vs. Ag/AgCl. All the
experiments were conducted under 2 minutes light irradiation and 6 minutes dark in
intermittent operation.
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The photocurrent reached 0.045 mA/cm2 with only anode light irradiation in the
intermittent tests (Figure 4.10a), which was much lower than that with two lights on (0.45
mA/cm2, Figure 4.8a) or only cathode light on (0.38 mA/cm2, Figure 4.9a). The voltage
increased from 0.384 V to 0.387 V from dark to light (Figure 4.10b). The anode potential
decreased from -0.456 V to -0.458 V (Figure 4.10c) when switched from dark to light. The
photocathode potential decreased from -0.072 to -0.073 V (Figure 4.10d). The very slight
fluctuations of the photocathode potentials could be due to the temperature changes during
solar irradiations that affected the photocathode charge recombination, mass transport, or
electron reaction kinetics (Kumar et al., 2018).
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Figure 4.11 Long-time photocurrent stability tests of the solar-MEC under 1 sun on/off
irradiations from (a) both the anode and cathode sides, (b) the cathode side, (c) and the anode
side. All the experiments were conducted under 2 minutes light irradiation and 20 minutes dark
in intermittent operation.
To test the performance of the solar-MECs for long-term stability, three solar-MECs
including two control reactors was operated continuously for 20-25 hours to monitor the
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intermittent photocurrent densities (Figure 4.11). With both light irradiations to the anode side
and the cathode side, the peak photocurrent densities of the solar-MEC reached as high as 0.8
mA/cm2, which slightly decreased to 0.45-0.50 mA/cm2 after 5 hours and were relatively stable
for the followed 14 hours. Then the photocurrent densities decreased slowly to 0.25-0.30
mA/cm2 during the last 6 hours (Figure 4.11a). When fed with fresh substrate in the next cycle,
the photocurrent density of the solar-MEC recovered to 0.49 mA/cm2 under the solar
irradiations.
With only cathode light irradiation, the peak photocurrent densities firstly reached 0.86
mA/cm2, which then slowly decreased to 0.45-0.50 mA/cm2 after 5 hours and reached stable
during the followed 15 hours and further decreased to 0.25-0.30 mA/cm2 after 20 hours (Figure
4.11b). It is worthy to note that the photocurrent densities of the solar-MEC with the cathode
side illumination were even higher than those with two lights irradiations during the first 5
hours, which could be due to the variations of the biological conditions of the bioanode and the
uses of different photoelectrodes between the solar-MECs (Logan et al., 2006; Wan et al., 2015).
The photocurrent densities of the solar-MEC with the anode side irradiation were only 0.0800.093 mA/cm2 at the beginning 2 hours, which decreased to 0.065 mA/cm2 after 4-5 hours and
s were 0.045-0.05 mA/cm2 during the following 15 hours (Figure 4.11c). The photocurrent
generation abilities were relatively low (0.03-0.035 mA/cm2) after ~20 hours operation.
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Figure 4.12 Intermittent photocurrents of the solar-MEC under 1 sun on/off irradiations from
the anode and cathode sides, the cathode side, and the anode side. The light irradiation was 2
minutes and the dark time was 6 minutes for each intermittent cycle.

To avoid the disturbances due to the differences between each tested solar-MECs,
intermittent irradiations to both the anode and cathode sides, only the cathode side, and only
the anode side were conducted alternatively in the same solar-MEC (Figure 4.12). In this test,
the peak photocurrent density with two lights irradiations reached 0.43 mA/cm2 at the first
cycle, and it was 0.39 mAcm2 with only cathode illumination (the second cycle). The
photocurrent densities at the stable stage were very close between the first and second cycles,
which were 0.26 mA/cm2 and 0.25 mA/cm2. The anode side illumination obtained 0.03
mA/cm2 photocurrent density (the third cycle) and the photocurrent did not show obvious
decrease from the peak value as that of the first two cycles. Therefore, the difference between
the cycle 1 and cycle 2 were attributed to the anode side irradiation in the cycle 3 that provided
0.03 mA/cm2 stable photocurrent density to the solar-MEC. The photocurrent densities
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decreased slightly but those with both the lights illuminations (cycle 4 and cycle 7) were the
highest among others with only the cathode light (cycle 5 and cycle 8) or only the anode light
irradiation (cycle 6 and cycle 9, Figure 4.12).

Figure 4.13 Linear scanning voltammetry (LSV) tests of the (a) b-Si/Pt photocathodes and (b)
Fe2O3 photoanode after ~ 25 hours operation in the solar-MEC.

LSV tests were conducted in the same conditions as that before the solar-MEC operation,
to know the photo-electrochemical performances of the photoanode and cathode after longtime operation. Obvious decreases of the b-Si/Pt photocathode and Fe2O3 photoanode were
both observed. At the applied potential of -1.0 V vs. Ag/AgCl, the b-Si/Pt photocathode only
reached 2.7 mA/cm2 (Figure 4.13a) and the Fe2O3 photoanode obtained 0.3 mA/cm2
photocurrent density (Figure 4.13b). Compared to that of 6.8 mA/cm2 of the b-Si/Pt
photocathode (Figure 4.6a) and 1.5 mA/cm2 of the Fe2O3 photoanode (Figure 4.6b) before test,
the photocurrent decreased after long-time operation tests. The reasons could be due to the
changes of temperature after irradiation that increased the electron-hole recombination or the
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modifications of morphology or crystallinity of the photocatalysts (Dias et al., 2016).

Figure 4.14 Current densities of the duplicate MECs before use in the solar-MECs (the first
four cycles and after the bioanodes were put back to the MECs from the solar-MECs (the last
three cycles).

To learn the biological condition after the long-term operation of the solar-MECs, the
bioanodes were set back from the solar-MECs to the MECs to know the performances after use
(Figure 4.14). In Figure 4.14, the current densities of the MEC before the bioanode was
transferred into the solar-MECs were 0.4-0.5 mA/cm2, which varied slightly along with
different cycles. After the bioanode had been used in the solar-MEC for 25 hours for the first
time, the current density reached 0.34 mA/cm2 in the MEC and the next cycle was 0.44 mA/cm2,
which were comparable to that before using in the solar-MECs. However, the current density
showed an obvious decrease after the bioanode has been used in the solar-MEC for the second
time, which was 0.1 mA/cm2, indicating that changing the bioanode frequently from MEC to
solar-MEC had negative influences on the electricity production of the bioanode. Also,
considering that the system had the oxidation reaction on the photoanode, another possible
reason to the lower performance of the bioanode could be that the exterior biofilm detachment
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after light while the interior biofilm retained (Li et al., 2012; Zhou et al., 2018a). As for the
concern that holes generated by the photoanode could produce oxidative free radicals that cause
damages to the biofilms, a previous research stated that the holes are in low potential and the
interfacial electrons transportation is rapid and thus it can avoid large number of free radicals
generation (Li et al., 2014).
4.4. Discussion
4.4.1. Mechanisms of the solar-MEC
In the solar-MEC (Figure 4.1), the Fe2O3 photoanode and b-Si/Pt photocathode generated
a pair of electrons and holes (ephotoanode- and hphotoanode+, Reaction 4.1, and ephotocathode- and
hphotocathode+, Reaction 4.2) upon solar light irradiations. The photo e- and h+ firstly separate and
transfer to the photoanode/photocathode surfaces. Then the h photoanode+ got consumed by water
for oxygen evolution reaction to produce O2 on the photoanode (Reaction 4.3) and the ephotoanodetransferred externally via the copper wire to reach the photocathode and they were compensated
by hphotocathode+ to generate photo-electrical currents. The ephotocathode- was used for hydrogen
evolution reaction to produce H2 on the photocathode (Reaction 4.4). Importantly, the bioanode
produced emicrobes- and H+ using organics in the wastewater (Reaction 4.5) and the emicrobes- were
transferred externally to the photocathode and then got consumed by the hphotocathode+ to generate
photo-electrical currents (Reaction 4.6). The emicrobes- could also compensate the hphotocathode+ to
reduce the photoanode charge recombination and improve the photoanode performance
(Reaction 4.7). Overall, the photo-electrons from the photoanode and the bio-electrons from
the bioanode both contributed to the currents generation in the solar-MEC, the photoanode
contributed to O2 generation, the bioanode consumed the wastewater organics, and the
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photocathode achieved unassisted H2 production. The H+ produced by the photoanode and
anode can transfer under ion gradient or migrate under the electrical field to the cathode as the
H+ source for H2 production (Lu et al., 2020).
Photoanode + hv → hphotoanode+ + ephotoanode-

(4.1)

Photocathode + hv → hphotocathode + + ephotocathode-

(4.2)

2H2O + 4hphotoanode+ → O2+ 4H+

(4.3)

4H+ + 4ephotocathode- → H2.

(4.4)

CH3COOH + 2H2O → 2CO2 + 8emicrobes- + 8H+.

(4.5)

ephotoanode- + emicrobes- + hphotocathode +→ hv’

(4.6)

emicrobes- + hphotoanode+ → hv’’

(4.7)

Many advantages were showed in the novel configuration of the solar-MECs. First, the
photoanode can convert solar energy into holes and electrons using renewable solar energy,
and water and the electrons from the bioanode could be used to compensate the holes and thus
to reduce the charge recombination for electricity generation. Second, the bioanode provided a
more negative potential (-0.5 V) to the photoanode (-0.1 V) in parallel connection, which
helped it to overcome the reaction overpotentials to produce electrons and holes under solar
irradiation. The bioanode also degraded the organics for wastewater treatment and electricity
production, and this process can convert the abundant and easy-to-access source into usable
energy. Third, the electrons from the photoanode and bioanode helped to prevent charge
recombination of the photocathode, which compensated the holes of the photocathode and
allowed the photoelectrons from the photocathode to conduct hydrogen evolution reaction. At
last, wastewater was used as the electron source and H + source for H2 production. The solar-
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MEC thus demonstrated high current densities and achieved unassisted H 2 production from
wastewater under 1 sun illumination.
4.4.2. Performances of the solar-MECs
The solar-MEC with a novel configuration of a Fe2O3 photoanode, a bioanode, and a b-Si/Pt
photocathode obtained high photocurrent density (0.8 mA/cm2) under 1 sun irradiations
without external bias. Compared to a previous research that fabricated a MoS 3-P-Si
photocathode and a bioanode in a MPEC and achieving 0.065mA/cm2 photocurrent density
(Zang et al., 2014), this solar-MEC obtained 12 times higher photocurrent density under visible
light without external bias (0.8 mA/cm2). Another MPEC research with a GaInP2-TiO2
photocathode and bioanode which obtained 0.42mA/cm2 (Lu et al., 2017), the photocurrent
density in this study is ~2 times higher. However, compared to the 23 mA/cm2 current density
of a MPEC system that was composed of two bioanodes, an air cathode and a black silicon (bSi) photocathode (Lu et al., 2019a), the result of the solar-MEC was lower mainly due to the
use of pH neutral wastewater as the electrolyte instead of 0.1 M H 2SO4 (pH = 0.7).
In comparison with MPEC systems that used photoanodes, the photocurrent density of the
solar-MEC without any biases was much higher. A study used wild-type Geobacter
sulfurreducens as the electroactive bacteria and colonized biofilms on TiO 2 nanoparticles (TiO2
NPs) to facilitate electrons transfer from Geobacter cells to the photoanode, and the
bioelectrochemical system obtained 0.33 mA/cm2 current density under light irradiation (Zhou
et al., 2018b). The photocurrent density of the solar-MEC was over 10 times higher than a
recent study that reported the synergy of a hematite nanowire arrayed photoanode with wild
type or bioengineered Shewanella oneidensis MR-1 growing on the surface that produced
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0.016-0.095 mA/cm2 current density at 0.8 V vs. Ag/AgCl (Zhu et al., 2017). The solar-MEC
result was also higher than another research employing nanowire-arrayed hematite and
Shewanella

oneidensis

MR-1

as

the

photoanode

in

a

solar-assisted

microbial

photoelectrochemical system (solar MPS), which reported 0.25 mA/cm2 at 0.8 V vs. Ag/AgCl
(Qian et al., 2014). Another study constructed hematite photoanode with biofilms of Geobacter
sulfurreducens in a electrochemical system and observed 0.057 mA/cm2 current density at 0.2
V vs. SHE (Li et al., 2014), which was also lower than the 0.8 mA/cm2 in the present study.
The H2 production rate of the solar-MEC was also high under 1 sun irradiations without
external bias (113 µL/h/cm2 or 5.1 µmol/h/cm2). Compared to a previous MPEC study that
fabricated Cu2O/NiOx photocathode and bioanode for H2 production with a 0.2 V external bias,
the 113 µL/h/cm2 production rate is orders higher than the 5.09 µL/h/cm2 (Liang et al., 2016).
However, the H2 production rate was slightly smaller than the 7.5 µmol/h/cm2 of a previous
MPEC with MoS3-P-Si photocathode and photoanode, which could be due to the use of pH
neutral wastewater in this experiment compared to that of a mixture of H2SO4 and 0.5 M K2SO4
(pH = 1) in the cathode chamber for H2 production (Zang et al., 2014).
The high photocurrent generation and H2 production performances of the solar-MEC
could be attributed to the combination of the Fe2O3 photoanode (VB = 1.9 V, CB = -0.3 V vs.
NHE) and b-Si/Pt photocathode (VB = 0.2 V, EB = -0.9 V vs NHE), both of which had ideal
band edge positions that allowed the oxygen evolution reaction (EOER = 0.82 V vs. NHE) and
the hydrogen evolution reaction (EHER = -0.41 V vs. NHE) happening on the photoanode and
photocathode, respectively (Figure 4.1). Moreover, the bioanode in the solar-MEC played a
significant role by using electroactive microbes to oxidize organics in wastewater and produce
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electrons and H+, which provided a ~0.5 V vs. Ag/AgCl anode potential and reduced the overall
reaction voltage (-0.12 V vs 1.23 V for water splitting).
4.4.3. Interactions between the photoanode and the bioanode
Fe2O3 photoanode have proper band edge positions for solar light absorption, which is
also abundant in natural environment, low cost, biological friendly, environmental benign, and
stable in neutral and alkali conditions for photocurrent generation (Lin et al., 2011). However,
Fe2O3 photoanode suffers from the problems of poor charge transport properties (Kay et al.,
2006). Due to that the hole diffusion length in hematite is ~20 nm, the holes and photoelectrons
are very easy to recombine before they reach the photoelectrode surface for reactions
(McDonald and Choi, 2011). Several strategies have been proposed to solve the problem of
charge recombination, including doping, constructing nanostructures, and adding O2 evolution
catalyst (Chong et al., 2019). Despite these chemical methods, electroactive biofilms were
found to be capable of reducing the charge recombination of photoanode by donating electrons
to the holes of photoanode (Zhu et al., 2017). Previous research proposed models to illustrate
the interactions between microbes and Fe2O3 photoanodes.
Mechanism of light-to-electricity conversion in MPECs are still lack of understandings
due to the complex photo-electrocatalysis and bioelectrochemical processes involved in MPEC
anodes. Many results agreed that electroactive bacteria can enhance current output in MPECs
by compensating the holes produced by the photoanode to reduce the charge recombination.
Previously, a research having electroactive biofilm growing on Fe2O3 photoanode
(hybridization of photoanode and bioanode) stated that the photoanode accelerated biofilm
formation, enriched the electroactive bacteria and enhanced the extracellular electron transport
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(EET) rate with the assistant of visible light (Feng et al., 2016). However, another research
demonstrated the different result that no obvious changes happened in the cell density of
Shewanella. oneidensis on hematite photoanode before and after solar irradiations (Zhu et al.,
2017). Moreover, different models have been proposed to illustrate the mechanisms of the
electron transfer and interactions between electroactive biofilms and bioanodes (Li et al., 2014;
Zhou et al., 2018a). A previous MPEC study having Geobacter Sulffurrendeucens biofilm
growing on Fe2O3 photoanode surface as the bio-photoanode, proposed that seven emicrobes- can
be produced by the electroactive bacteria and the Fe2O3 photoanode can produce two photo eand two h+ under solar irradiation, the two biological e- can be compensated by the two h+, and
the other biological e- and photo e- were transferred externally for electricity production (Li et
al., 2014). Another study explored a novel design that allowed anode respiration bacteria to
grow inside the porous carbon foam structure of the photoanode with TiO 2 photocatalyst
decorating the surface (ICPB-anode) (Zhou et al., 2018a). The results demonstrated direct
transfer of the photo e- by the electroactive bacteria from the TiO2 semiconductor to the
photoanode for electricity production, and that the total currents included contributed by two
types electrons: the biological e- and the photo e- (Zhou et al., 2018a).
In this study, the mechanisms were that the photoanode used water or the biological
electrons from the bioanode to fill the holes and thus the photoanode electrons can be
transferred externally to the photocathode with reduced charge recombination. The bioanode
obtained electrons by consuming the organics in the wastewater, which also provided a more
negative potential to the photoanode that overcome the overpotential barrier of the photoanode
for electrons and holes generation and oxygen evolution reaction. The two types of the
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electrons, the photoelectrons and the microbial electrons, were both transferred to the
photocathode for enhanced electricity generation. Moreover, there could be direct
photoelectrons transfer from the photoanode to the bioanode according to the previous report
(Zhou et al., 2018a). Also, due to that the photoanode and the bioanode were closely pressed
together in the solar-MEC, the inner layers of biofilms could also transfer electrons
extracellularly to the photoanode (Sun et al., 2015). A deeper understanding of the interactions
between the photoanode and electroactive biofilms is still demanded.
4.4.4. Stability of the solar-MECs
The solar-MEC had the photocurrent generation of 0.8 mA/cm2 at the beginning of the
operation using wastewater and the photocurrent density of 0.25-0.30 mA/cm2 was maintained
for over 25 hours. The chemical oxygen demand (COD) in the solution was 497 mg/L
compared to the initial 659 mg/L, showing a decrease of 25% organics by the bioanode at the
end of the cycle. When fed with fresh substrate in the next cycle, the photocurrent density
recovered to 0.49 mA/cm2, although not as high as the 0.8 mA/cm2 in the first cycle. The
decrease of substrate could be the main reason that induced the current density decreases (Lu
et al., 2020). In the future, switching to a continuous operation by pumping substrate to the
reactor continuously could achieve better stability (Lu et al., 2019a). The stability performance
(> 25 hours) was comparable to the previous research that used a GaInP 2-TiO2-MoSx
photocathode and was stable for 24 hours in the system (Lu et al., 2017). The reason could be
that the b-Si/Pt photocathode in this study had better stabilities than the complex GaInP 2-TiO2MoSx photocathode (Lu et al., 2019a; Lu et al., 2017). However, compared to the system that
reported ~ 90 hours continuous operation using b-Si photocathode (Lu et al., 2019a), this solar-
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MEC showed shorter stability due to the batch mode operation and the use of wastewater with
complex ions could also induce precipitations on the photoelectrodes that blocks solar energy
absorption. Moreover, the solar-MEC with the Fe2O3 photoanode and b-Si/Pt photocathode had
a better stability when compared to previous electrochemical systems with dual
photoelectrodes that maintained ~10 hours stability before decayed to the baseline (Brillet et
al., 2012; Jang et al., 2015). Developing semiconductor materials with better withstanding
abilities in complex solutions is promising to improve the stability.
4.5. Conclusions
The solar-MEC composing of a Fe2O3 photoanode, a bioanode, and a b-Si photocathode
obtained high electricity production (> 0.8 mA/cm2) and H2 generation rate (5.1 µmol/h/cm2)
using pH neutral wastewater under one solar light irradiations. The Fe2O3 photoanode and
photocathode provided proper band positions to utilize solar energy. The bioanode with
electroactive biofilms degraded the organics in the wastewater and produced microbial
electrons to transfer to the photocathode. The parallel connection of the Fe2O3 photoanode and
the bioanode ensure the photoanode a more negative potential to overcome the reaction barrier
and transfer photoelectrons to the photocathode. The b-Si photocathode had the holes filled by
both of the electrons from the photoanode and bioanode, and the photoelectrons of the
photocathode induced the H2 production without external bias. This solar-MECs therefore
indicated successful self-assisted electricity and H2 generation.
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CHAPTER 5. HIGH SALINITY GRADIENT ENERGY HARVEST
FROM CONCENTRATION FLOW CELLS ENHANCED BY
BIOELECTROCHEMICAL CURRENTS
5.1. Introduction
Seawater comprises 97% of the water on earth and is a big potential source of clean energy
(Ramon et al., 2011). When seawater is mixed with freshwater (e.g., river water), the salinity
of seawater diffuses into freshwater and quickly reach equilibrium to release a large amount of
Gibbs free energy (Ramon et al., 2011), called salinity gradient (SG) energy. By properly
controlling the mixing process, we can harvest the SG energy to electricity (Alvarez-Silva et
al., 2016). The practically extractable SG energy when river water flows into ocean at estuaries
is estimated to be ~625 TWh per year, which meets a significant percentage (3%) of the global
energy demand (Alvarez-Silva et al., 2016). Worldwide, countries with long coastlines, large
salt lakes, and desalination plants can produce electricity using salinity gradients (Wang et al.,
2017d). Landlocked countries can also use artificial salt solutions for electrical power
production (Alvarez-Silva et al., 2016; Ramon et al., 2011). However, a huge amount of SG
energy from natural mixing of waters is still wasted due to the lack of effective harvesting
methods.
Several technologies have been developed to capture SG energy, including pressure
retarded osmosis (PRO) (Achilli and Childress, 2010; Chou et al., 2012; Ramon et al., 2011),
reverse electrodialysis (RED) (Post et al., 2007), capacitive mixing (CapMix) (Sales et al.,
2010), hydrogel expansion (HEx) (Zhu et al., 2014b), and concentration flow cell (CFC) (Kim
et al., 2017). The CFC is a relatively new technology that utilize both the electrode potential
and the Donnan potential for SG energy harvest (Kim et al., 2017). CFC reactors were usually
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constructed by two symmetric electrodes (e.g., CuHCF (Kim et al., 2017; Kim et al., 2016),
MnO2 (Fortunato et al., 2020), carbonized peat moss (Zhu et al., 2019), BiCl3 (Zhu et al., 2018), or
BiOCl (Tan et al., 2019)) which were separated by a piece of ion exchange membrane (IEM)
(Kim et al., 2017). When waters with different salinities flowed through the separated channels,
Na+ intercalation/deintercalation (Na+-ion CFCs), Cl- insertion/extraction (Cl-ion CFCs) (Tan
et al., 2019), or capacitive double layer expansion/compression (capacitive CFCs) (Zhu et al.,
2019) occurred on the electrodes to form different electrode potentials, and simultaneously
Donnan potential was established across the IEM due to the salinity gradient (Kim et al., 2017;
Zhu et al., 2019). As a result, the power density of CFCs (3.2 ~ 12.6 W/m2) (Kim et al., 2016;
Zhu et al., 2019; Zhu et al., 2018) were generally comparable or higher than previous
technologies (PRO : 1.6-10.6 W/m2 (Achilli and Childress, 2010; Chou et al., 2012; Ramon et
al., 2011), RED : 0.3-3.5 W/m2 (Moreno et al., 2016; Post et al., 2007; Yip et al., 2014), CapMix :
0.04-0.4 W/m2

(Sales et al., 2010)

, and HEx: 0.1 mW/g-hydrogel (Zhu et al., 2014b)) due to the

contributions of both the electrode potential and the Donnan potential (Kim et al., 2017; Zhu
et al., 2019). Previously, the highest power density (12.6 W/m2) was obtained in a Na+-ion CFC
with two identical CuHCF electrodes separated by an anion exchange membrane (Kim et al.,
2017). However, the power generation of CFCs is still limited by the electrode properties (e.g.,
small charge storage capacity (Salanne et al., 2016), sluggish ions intercalation/deintercalation
(Zhu et al., 2018)) and the relatively large internal resistance due to slow ions transportation in
the cell (Wang et al., 2019a). Better solutions are still demanded to improve the performances.
Wastewater was regarded as a waste in past decades, however, it has become a huge energy
resource for sustainable development recently (Stillwell et al., 2010). Wastewater can mix with
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high salinity water (e.g. seawater and brines) to produce electricity (Ye et al., 2014) and
discharging of wastewater into ocean was estimated to produce 18.5 GW power from salinity
gradients globally (Lu et al., 2015). Additionally, organic pollutants in wastewater can be
utilized by bioelectrochemical systems (BESs) to produce electrical power (Chaudhuri and
Lovley, 2003; Liu et al., 2004b). For example, microbial fuel cells (MFCs) use electroactive
microorganisms to oxidize organics in wastewater and provide electrons to the anode.
Electricity is generated when electrons transfer from the anode to the cathode for O2 reduction
through the external circuit (Liu et al., 2004b), and the peak power densities of MFCs were
around 0.5~4.7 W/m2 (Liu et al., 2004b; Rabaey et al., 2003). More interestingly, BESs
demonstrated the potential to promote energy generation from SG energy harvest. A previous
study incorporated a RED into a BES and obtained the peak power density of 5.6 W/m2 due to
the synergistic effects between them (Cusick et al., 2012). The bioelectrochemical redox
reactions provided more favorable reactions on the electrodes for the RED process to capture
more electrons, while the ionic currents of the RED greatly reduced the electrical barriers for
the BES system (Cusick et al., 2012). Another study immersed capacitive electrodes in the
ionic fields of a MFC to improve the power generation (Hatzell et al., 2014). The peak power
density increased to 0.5 W/m2, which was ~ 46 times higher than that of CapMix because the
capacitive electrodes were passively charged in the ionic flow field (Hatzell et al., 2014).
In this study, a concentration flow cell was integrated with a bioelectrochemical system,
defined as the bio-CFC system (Figure 5.1), to enhance the electrical power production from
SG energy. It was hypothesized that the power output of the CFC can be significantly improved
driven by the electrical current of the BES, which favors the Na+ intercalation/deintercalation

103

reactions on the electrodes to enhance the charge storage of the electrodes and the Cltransportation across the membrane to reduce the internal resistance. The bio-CFC would
provide an attractive strategy for sustainable energy production with the CFC harvesting energy
from the mix of seawater and river water and the BES extracting energy from organics in
wastewater.
5.2. Materials and methods
5.2.1. Configuration of the bio-CFC system
The bio-CFC system was the integration of a BES with a CFC (Figure 5.1). The BES is a
single-chamber MFC with a horizontal cylindrical chamber inside (4 cm in length, 3 cm in
diameter, and 28 mL in volume) (Figure 5.2a). A carbon brush (3 cm in length and 2.5 cm in
diameter) was horizontally placed in the chamber as the anode, which was pretreated at 450 °C
prior to use (Liu et al., 2004b) and inoculated with the anaerobic digestion sludge from Baton
Rouge Wastewater Treatment Plant in LA, USA. The air-cathode was made of activated carbon
and carbon black (300 mg : 30 mg) mixed in 1 mL 5% poly(vinylidene fluoride) (PVDF)
solution dissolved in N-Methyl-2-pyrrolidone (NMP). The mixture was pasted on one side of
a piece of circular stainless steel mesh (7 cm2) and the diffuse layer was formed by immersing
the freshly pasted electrode in deionized water for 15 minutes to allow one-step phase inversion.
The air-cathodes were then dried in air for 24 hours (Yang et al., 2014). The electrolyte of the
MFC was 50 mM phosphorus buffer solution (PBS) containing 1 g sodium acetate, 4.28 g
Na2HPO4, 2.13 g NaH2PO4, 0.31 g NH4Cl, 0.13 g KCl, and trace vitamins and minerals per
liter (Liu et al., 2004b).

104

Figure 5.1 (a) The bio-CFC system with the MFC connected externally to the CFC by Cu wires.
The one-chamber MFC has a carbon brush anode and an air cathode. The CFC has two
chambers with two identical CuHCF electrodes separated by a piece of AEM. Anode reaction
in the MFC: C2H4O2 + 2H2O → 2CO2 + 8e- + 8H+. Cathode reaction in the MFC: O2 + 4 H+ +
4 e- → 2 H2O. Anode reaction in the CFC: Na1+xCu[FeII(CN)6][FeIII(CN)6]1-x(s)) →
NaCu[FeIII(CN)6](s) + xNa+ (aq) + xe-. Cathode reaction in the CFC: NaCu[FeIII(CN)6](s) + xNa+
II
III
(aq) + xe → Na1+xCu[Fe (CN)6]x[Fe (CN)6]1-x(s)). The (b) and (c) show the two operation steps
of the bio-CFC system. (b) During the charging process (Step I), the BES anode is connected
to the CFC cathode adjacent to the HC solution by a conductive Cu wire and a resistor is added
to the external circuit to monitor the electrical current, while the BES cathode is connected to
the CFC anode immersed in the LC solution using Cu wires. (c) During the discharging process
(Step II), the BES is disconnected from the CFC. The HC and LC solutions are switched and
the CFC is discharged at different external resistances.
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Figure 5.2 (a) The single-chamber microbial fuel cell (MFC) with a cylindrical space (28 mL)
inside and configurated with a graphite brush anode and an air-cathode and(b) the concentration
flow cell (CFC) connected with two inlet tubes and two outlet tubes to allow high concentration
(HC) and low concentration (LC) solutions to pass through the water channels.

The CFC consists of two silicon water-flow channels (1 cm in width, 3 cm in length, and
127 μm in thickness) that were separated by a piece of anion exchange membrane (AEM,
Selemion AMV, Asahi Glass, Japan) (Figure 5.2b) (Kim et al., 2016). Two identical CuHCF
electrodes were used in each channel and configurated with gaskets to avoid water leakage.
Platinum wires were inserted on the back of each electrode as the current leads without
contacting the water electrolyte. At each end, two plastic endplates were clipped with screws
to tightly fix the cell. A pair of inlet and outlet holes (0.5 cm in diameter) was drilled on the
bottom and the top of each endplate to allow synthetic seawater (high concentration solution,
HC, 30g/L NaCl) and river water (low concentration solution, LC, 1g/L NaCl) flowing through
the water channels (Kim et al., 2016). The HC and LC solutions were separately pumped into
each channel using a peristaltic pump (Masterflex L/S®, Cole-Parmer). The flow rate was 15
mL/min and the flow paths were switched every cycle (Kim et al., 2017). For the bio-CFC
system, the BES and CFC were connected by Cu wires with no physical connections as
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indicated in the following section on the operation of the bio-CFC (Figure 5.1 and Figure 5.3).

Figure 5.3 A photo of the bio-CFC system, which was built by connecting the CFC to the MFC.
The anode of the MFC in the bio-CFC was connected to the cathode of the CFC and the cathode
of the MFC was connected to the anode of the CFC using external copper wires.

The CuHCF electrodes were prepared according to a previous method (Kim et al., 2017).
To make the CuHCF powder, 80 mL of 50 mM K3[Fe(CN)6] (Sigma-Aldrich) and 80 mL of
0.1 M Cu(NO3)2 (VWR) were drop-wisely dissolved in 50 mL deionized water with rigorous
stirring. The precipitates were obtained after six hours sedimentation and washed by deionized
water in the centrifuge at 4000 rpm for 3 times and dried at 70 °C in a vacuum oven for 12
hours (Kim et al., 2017). To fabricate the CuHCF electrode, 50 mg of CuHCF powder was
grinded and mixed with 10 mg carbon black and 500 µL PVDF dissolved in NMP solution
(0.8%). The mixture was treated in sonication for at least 5 minutes to obtain a homogeneous
mixture, which was then pasted on both sides of a piece of carbon paper in the middle (1 × 3
cm2) and dried in a vacuum oven at 70 °C for 12 hours (Kim et al., 2017). The mass loading of
CuHCF on the electrodes was ~20 mg/cm2, based on the 60 mg total loading (50 mg CuHCF
and 10 mg carbon black) and the projected electrode area of 3 cm2.

107

5.2.2. Operation of the bio-CFC system
The operation of the bio-CFC system includes two steps. The Step I is the charging process
(Figure 5.1b), where the anode of the BES was connected to the cathode of the CFC (HC side)
by a conductive Cu wire with an external resistor (Rex = 2.5 ~ 1000 Ω) between them, while
the BES cathode was connected to the CFC anode (LC side) through another Cu wire. The
voltages over the CFC, the BES, and the external resistor were monitored using a potentiostat
(VMP3, Biologic). The charging current (Ic, in A) was determined based on the voltage over
the external resistor (Uex, in V): Ic = Uex/ Rex. The Step II is the discharging process (Figure
5.1c), where the BES was disconnected from the CFC and the CFC was discharged alone at
different external resistances (Rex = 2.5 ~ 1000 Ω) with the HC and LC solutions switched. The
voltages over the BES (open circuit), the CFC, and the external resistor were continuously
monitored by the potentiostat. When the discharging current (Id = Uex/ Rex) decreased to almost
zero, the BES was connected to the CFC again as Step I. The two charging and discharging
steps were alternated to achieve a continuous electricity production. It should be noted that
although the Step I is defined as the charging process, electricity is still produced during this
process, just lower than the discharging process (Step II) due to the relatively large resistance
of the BES.
The power densities of the BES and the CFC in the bio-CFC system were calculated
separately using the measured voltages and the current: P = UI/A, where P is the power density
(W/m2), U is the voltage over the BES or the CFC (V), I is the current (I = Uex/ Rex), and A is
the area of the electrode (7 cm2 for the BES and 3 cm2 for the CFC). The peak power density
(W/m2) of the BES or the CFC were the maximum point of power densities. The average power
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density (W/m2) of the BES or CFC during the charging process was calculated by averaging
the power densities of the BES or the CFC over the charging time. The average power density
(W/m2) of the CFC during the discharging process was calculated by averaging the power
densities of the CFC over the discharging time. The energy density (J/m2) of the CFC during
the discharging process was determined by integrating the power density of the CFC over the
discharging time (s). The discharging efficiency (%) of the bio-CFC was based on the charge
output of the CFC during the discharging process over the charge input of the CFC during the
charging process, where the charge output was the integration of the discharging current (Id, in
A) over the discharging time (td, in s) and the charge input was the integration of the charging
current (Ic, in A) over the charging time (tc, in s).
5.3. Results and discussion
5.3.1. Working principles of the bio-CFC system
In the bio-CFC, two types of potentials (i.e., Donnan potential and faradaic electrode
potential) were developed in the CFC for electricity production from SG energy, which was
similar to a single Na+-ion CFC cell. The Donnan potential was resulted from the selectivity of
the AEM that allowed only the negative ion (Cl-) to transfer from the HC to the LC solution
(Kim et al., 2017), which had a value of around 0.08 V according to the Nernst equation: CE =
𝑅𝑇
𝐹

a −

·In ( a𝐶𝑙 −,𝐻𝐶) using 30 g/L NaCl (HC) and 1 g/L NaCl (LC) solutions. The faradaic electrode
𝐶𝑙 ,𝐿𝐶

potential was formed by Na+ intercalation into the CuHCF electrode adjacent to the HC solution
(cathode) and Na+ deintercalation from the CuHCF electrode immersed in the LC solution
(anode) (Figure 5.1a) (Kim et al., 2017): NaCu[FeIII(CN)6](s) + xNa+

(aq)

+ xe- =

Na1+xCu[FeII(CN)6]x[FeIII(CN)6]1-x(s)), where the FeII/FeIII redox couple served as the main
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redox center of the CuHCF electrodes, although CuI/CuII were also reported to respond to the
Na+ intercalation and deintercalation (Zhu et al., 2018). The faradaic electrode potential
difference between the two electrodes in HC and LC solutions was ~0.08 V according to the
Nernst equation: CE =

𝑅𝑇

a

·In ( a𝑁𝑎
𝐹

+ ,𝐻𝐶

𝑁𝑎+ ,𝐿𝐶

) with 30 g/L NaCl (HC) and 1 g/L NaCl (LC) solutions.

The detailed calculations are listed below:
The electrode potential difference of the concentration flow cells (CFCs) was calculated
according to the Nernst equation: CEelectrode =

𝑅𝑇
𝐹

a

·In ( a𝑁𝑎

+ ,𝐻𝐶

𝑁𝑎+ ,𝐿𝐶

), where R is the ideal gas constant

(8.314 J mol-1 K-1), T is the temperature in kelvins (298 K), F is Faraday's constant (96485 C
mol-1). a𝑁𝑎+,𝐻𝐶 is the activity of Na+ ions (in mol L-1) in the high concentration solution, and
a𝑁𝑎+,𝐿𝐶 is the activity of Na+ ions (in mol L-1) in the low concentration solution.
When the HC concentration = 0.171 M (10g L-1, activity = 0.132 mol L-1) and the LC
concentration = 0.017 M (1 g L-1, activity = 0.015 mol L-1), the HC/LC ratio = 10, the CEelectrode
= 0.056 V.
When the HC concentration = 0.513 M (30g L-1, activity = 0.348 mol L-1) and the LC
concentration = 0.017 M (1 g L-1, activity = 0.015 mol L-1), the HC/LC = 30, the CEelectrode =
0.081 V.
When the HC concentration = 5.130 M (300g L-1, activity = 2.524 mol L-1) and the LC
concentration = 0.017 M (1 g L-1, activity = 0.015 mol L-1), the HC/LC = 30, the CEelectrode =
0.132 V.
The Donnan potential across the anion exchange member of the CFCs was calculated
according to the Nernst equation: CEDonnan =

𝑅𝑇
𝐹

·In (

a𝐶𝑙− ,𝐻𝐶
a𝐶𝑙−,𝐿𝐶

), where R is the ideal gas constant

(8.314 J mol-1 K-1), T is the temperature in kelvins (298 K), F is Faraday's constant (96485 C
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mol-1), a𝐶𝑙−,𝐻𝐶 is the activity of Cl- ions (in mol L-1) in the high concentration solution, and
a𝐶𝑙−,𝐿𝐶 is the activity of Cl- ions (in mol L-1) in the low concentration solution.
When the HC concentration = 0.171 M (10g L-1, activity = 0.132 mol L-1) and the LC
concentration = 0.017 M (1 g L-1, activity = 0.015 mol L-1), the HC/LC ratio = 10, the CE =
0.056 V;
When the HC concentration = 0.513 M (30g L-1, activity = 0.348 mol L-1) and the LC
concentration = 0.017 M (1 g L-1, activity = 0.015 mol L-1), the HC/LC ratio = 30, the CEDonnan
= 0.081 V;
When the HC concentration = 5.13 M (300g L-1, activity = 2.524 mol L-1) and the LC
concentration = 0.017 M (1 g L-1, activity = 0.015 mol L-1), the HC/LC ratio = 30, the CEDonnan
= 0.132 V.
The overall CFC cell voltage CE overall = CEelectrode + CEDonnan = 0.081 V + 0.081 V = 0.162
V at the HC/LC ratio = 30.
More importantly, a new capacitive electrode potential was formed on the CuHCF
electrodes in the bio-CFC system. This potential was generated by the BES through two half
reactions: microbial oxidation of organics in wastewater to produce electrons and protons at
the anode (C2H4O2 + 2H2O → 2CO2 + 8e- + 8H+, Eanodeo = -0.29 V vs NHE) and oxygen
reduction by electrons and protons at the cathode (O2 + 4 H+ + 4 e- → 2 H2O, Ecathodeo = 0.81
V vs NHE) (Figure 5.1a). The theoretically overall voltage resulted from these two reactions
was 1.10 V under standard biological conditions (T = 25 °C, pressure = 1 bar, and pH=7) if no
overpotentials were considered (Chaudhuri and Lovley, 2003; Xing et al., 2008). Therefore,
when the BES was connected to the CFC, the BES would apply a voltage to the CFC and
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change the potentials of the CuHCF electrodes. This newly developed electrode potential was
named as the capacitive electrode potential as the CFC served as a capacitor to store/release
charges in the bio-CFC system (Figure 5.1b and Figure 5.1c). The calculation details are listed
below:
The BES potential was generated through two half reactions: 1. Microbial oxidation of
organics in wastewater to produce electrons and protons at the anode (C2H4O2 + 2H2O → 2CO2
+ 8e- + 8H+, Eanodeo = -0.29 V vs NHE); 2. Oxygen reduction by electrons and protons at the
cathode (O2 + 4 H+ + 4 e- → 2 H2O, Ecathodeo = 0.805 V vs NHE). The theoretical overall voltage
= -0.805 – (- 0.29 V) = 1.1 V under standard biological conditions (T = 25 °C, pressure = 1 bar,
and pH=7).
During the charging process with an external resistance of 6 Ω, the voltage of the CFC in
the bio-CFC system slowly increased from 0 V to around 0.45 ± 0.02 V(Figure 5.4a), which
was much larger than the maximum voltage of the control CFC only with the Donnan potential
and the electrode potential (0.14 ± 0.02 V, Figure 5.5). The much higher voltage of the CFC in
the bio-CFC system was attributed to the addition of the capacitive electrode potential
generated by the BES, the voltage of which increased in the same pattern from 0.11 ± 0.01 V
to 0.45 ± 0.02 V (Figure 5.4b). During the discharging process, the BES was disconnected from
the CFC and operated in open circuit at a stable voltage of ~0.50 V (Figure 5.4b). The CFC
was discharged at an external resistance of 6 Ω with the voltage dramatically decreased from
0.45 ± 0.02 V to almost zero (Figure 5.4a). Correspondingly, during the charging process, the
currents of the CFC and the BES reached the peak values (9 ± 3 mA) at the beginning (Figure
5.4a and Figure 5.4b), which then decreased vastly to lower than 5.0 mA until the CFC were
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fully charged (Figure 5.4a and Figure 5.4b). During the discharging process, the current of the
CFC increased dramatically to the peak (45 ± 3 mA) and then decreased to be lower than 5.0
mA in few seconds. There was no current for the BES as it was operated in open circuit. Based
on the voltage and current, the peak power density of the CFC was determined to be 1.70 ±
0.03 W/m2 (average 0.9 ± 0.1 W/m2) during the charging process and significantly increased
to 42 ± 2 W/m2 (average 5.0 ± 0.3 W/m2) during the discharging process (Figure 5.4c),
attributing to the synergistic effects between the BES and the CFC as discussed below. For the
BES, the peak power density was 0.9 ± 0.1 W/m2 (average 0.20 ± 0.02 W/m2) during the
charging process and no power output during the discharging process as it was in open circuit
(Figure 5.4d).
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Figure 5.4 Voltages, currents, and power densities of the bio-CFC system over three cycles: (a)
the voltages and currents of the CFC during the charging and discharging steps, (b) the voltages
and currents of the BES during the charging and discharging steps, (c) the power densities of
the CFC during the charging and discharging steps, (d) the power densities of the BES during
the charging and discharging steps. The yellow background indicates the charging step and the
green background is for the discharging step.
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Figure 5.5 Cell voltages and power densities of the control single CFC cell over two cycles.

5.3.2. Synergistic effects of the BES and the CFC
The power output of the CFC in the bio-CFC system during the discharging process (peak
42 ± 2 W/m2, average 5.0 ± 0.3 W/m2) was three times higher than that of a single CFC (peak
= 10.6 ± 0.1 W/m2, average = 1.70 ± 0.02 W/m2, which indicated the positive effects of the
BES on the CFC. First, as mentioned before, the BES posted an additional capacitive electrode
potential on the electrodes of the CFC, which could significantly enhance the Na+
intercalation/deintercalation processes on the electrodes and enlarge the charge storage of the
CFC (Salanne et al., 2016), (Singh et al., 2019). Detailly, in the bio-CFC, the voltage or current
of the BES increased the Na+ ions intercalation into the CFC cathode adjacent to the HC
solution and allowed more charges (electrons) stored on the electrode surface, while more Na+
ions deintercalated from the CFC anode immersed in the LC solution under the applied voltage
or current, releasing more electrons from the electrodes to make space for Na+ intercalation in
the next cycle (Figure 5.1b). As a result, the CFC in the bio-CFC system obtained much higher
cell voltage (0.45 ± 0.02 V vs. 0.14 ± 0.02 V) and peak power density (42 ± 2 W/m2 vs. 10.6 ±
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0.1 W/m2) compared to a single CFC (Figure 5.4 and Figure 5.5). It should be noted that the
charging phenomenon of the bio-CFC was similar to that of sodium-ion desalination cells
which directly used external electricity to force the Na+ intercalation/deintercalation processes
(Sebti et al., 2020), but the CFC in the bio-CFC was powered by the BES that utilizes
sustainable energy from wastewater. The CFC also recovered electrical power from SG energy
and positively affected the BES processes as discussed in the next paragraph (Sebti et al., 2020).
Second, the extra capacitive electrode potential of the CFC posted by the BES can accelerate
the Cl- transportation across the AEM from the HC to LC channels. The higher voltage of the
CFC in the bio-CFC (0.45 ± 0.02 V vs. 0.14 ± 0.02 V) compared to a single CFC can greatly
enhance the electric field in the CFC. As a result, Cl- ions can quickly transfer from the HC
(cathode side) to the LC (anode side) channels (Hatzell et al., 2014; Kim and Logan, 2011).
A control CFC was operated to test the effects of the bioelectrochemical current on the
power production of the CFC (Figure 5.2b). The cell voltage of the control CFC reached a peak
value of 0.14 V and the peak power density was 10.6 W/m2 without connections to the BES
(Figure 5.5). The average power density was 1.74 W/m2 and the energy density was 572 J/m2.
The much lower performance compared to the bio-CFC system demonstrated the limited
performance of the CFC without the enhancement current from the BES. However, in the
control CFC, the time of ~250 s was required to finish the charging step, while the time of ~350
s was needed by the bio-CFC. The shorter charging time of the control CFC could be due to
that no capacitive electrode potential formed in the control CFC (Kim et al., 2017).
Correspondingly, less self-discharge happened to the control CFC than the bio-CFC during the
charging process and the discharging efficiency of the control CFC was higher than the bio-
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CFC system (91% vs. 77%). Additionally, the absence of external resistance connection could
decrease the ohmic losses of the control CFC compared to the bio-CFC circuit (Liu et al., 2012).
The control MFC (or the control BES) had a peak power density of 0.6 W/cm2 according
to the polarization test using the potentiostat (Figure 5.2a and Figure 5.6). This value was
smaller than that of the BES in the bio-CFC (0.9 W/m2). The BES in the bio-CFC also obtained
a higher peak power density (0.9 ± 0.1 W/m2) during the charging process than that of the
control BES (0.6 ± 0.1 W/m2, Figure 5.6), showing the positive effects of the CFC on the BES.
The reason was that the voltage or current from SG energy served as a driving force for the
bioelectrochemical reactions, which formed a more positive anode potential for the
electroactive microbes to deliver electrons easier and grow faster, and it also reduced the
cathode potential for oxygen reduction (Hatzell et al., 2014). As a result, the overpotentials on
the BES electrodes were greatly reduced with less energy loss (Zhu et al., 2018), (Kim and
Logan, 2011). Moreover, the bio-CFC is like a charging-capacitor-discharging circuit, where
the CFC worked as a capacitor in the circuit to store/release charges (Kim et al., 2017). Due to
the capacitive function of the CFC, the BES in the bio-CFC system had a much higher cell
voltage (~0.45 ± 0.02 V) at the end of the charging process (Figure 5.4b) than that of a single
MFC (~0.03 V with a similar 10 Ω external resistance connected in the electric circuit (Lu et
al., 2019c)). Additionally, the connection of the CFC to the BES avoided the possible voltagereversal problem that the anode and cathode polarities of the BES are switched, which was
harmful to the bioanodes and happened in direct connection of BESs such as parallel-stacked
MFCs) (Kim et al., 2011; Liang et al., 2011).
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Figure 5.6 Polarization and power density curves of the control microbial fuel cell (MFC).

5.3.3. Performance of the bio-CFC system under different operation conditions
The performance of the bio-CFC is affected by the external resistance during charging and
discharging, the salinity gradient of HC/LC solutions, and the charging time/final charging
voltage. To optimize this system, we investigated the influences of these parameters on the
current, voltage, power density, energy density, and discharging efficiency of the bio-CFC
system (Figure 5.7-Figure 5.9). Note: the external resistance was fixed at 6 Ω, the salinity
gradient was 30 (HC = 30 g/NaCl and LC = 1 g/L NaCl), and the charging time/final charging
voltage was set by charging the CFC to a final voltage of 0.45 V when other parameters were
variables.
As the external resistance for the charging and discharging processes increased from 2.5
to 1000 Ω (HC/LC = 30, final charging voltage = 0.45 V achieved with different charging time),
no changes for the final charging voltage since we set to charge the CFC to 0.45 V, but the peak
charging current significantly decreased from 9.9 ± 0.2 mA (2.5 Ω) to 0.50 ± 0.01mA (1000 Ω)
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due to the larger resistance in the circuit (Figure 5.7a). The discharging current also decreased
from 54 ± 3 mA at 2.5 Ω to 1.00 ± 0.01 mA at 1000 Ω (Figure 5.7b) because of the larger
resistance, while the peak discharging voltage increased from 0.15 ± 0.02 V at 2.5 Ω to 0.37 ±
0.02 V at 1000 Ω (Figure 5.7b). As a result, the peak and average discharging power density of
the CFC achieved the biggest values at 6 Ω (peak = 41.9 ± 2.0 W/m2, average = 5.0 ± 0.3 W/m2)
(Figure 5.7c). The reason was that the circuit reached impedance-matching, where the 6 Ω
resistance was likely equal to the internal resistance of the CFC system that allowed the
maximum power transfer (Li et al., 2010). The result was consistent with a previous study on
a single CFC that obtained the maximum peak power density of 12.6 W/m2 with an external
resistance of 6 Ω (Kim et al., 2017). Similarly, the energy density also reached the highest
value of 1020 ± 45 J/m2 at the external resistance of 6 Ω (Figure 5.7d) due to the impedance
matching (Li et al., 2010). However, the discharging efficiency decreased with the external
resistance from 99% ± 1 % (2.5 Ω) to 77% ± 3 % (6 Ω) and 32 ± 0.1 % (1000 Ω) (Figure 5.7d).
The reason could be that the larger external resistance caused smaller charging and discharging
currents, resulting longer charging/discharging time and more self-discharge of the CuHCF
electrodes during the processes (Ye et al., 2014). Another explanation could be that the larger
external resistance in the circuit caused a bigger ohmic barrier and turned more electrical
energy into heat (Ye et al., 2014).
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Figure 5.7 (a) The peak charging current and final charging voltage, (b) the peak discharging
current and peak discharging voltage, (c) the peak and average discharging power densities,
and (d) the energy density and the discharging efficiency of the CFC in the bio-CFC in response
to different external resistances (R = 2.5 Ω, 6 Ω, 20 Ω, 100 Ω and 1000 Ω).

The salinity gradient of HC/LC solutions in the CFC has significant influences on the
faradaic electrode potential (0.13 V at HC/LC = 300 vs 0.08 V at HC/LC = 30 and 0.06 V at
HC/LC = 10) and the Donnan potential (0.13 V at HC/LC = 300 vs 0.08 V at HC/LC = 30 and
0.06 V at HC/LC = 10) according to the Nernst equation (Kim et al., 2017),(Wang et al., 2019a).
When the HC solution increased from 10 g/L to 300 g/L NaCl with the LC solution fixed at 1
g/L NaCl (external resistance = 6 Ω and final charging voltage = 0.45 V with different charging
time), the peak charging current, the peak discharging current, and the peak discharging voltage
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all increased (Figure 5.8a and Figure 5.8b) due to the higher SG energy input (Ye et al., 2014).
Correspondingly, the peak discharging power density increased from 37.0 ± 0.3 W/m2
(HC/LC=10) to 60.0 ± 1.5 W/m2 (HC/LC =300). The average discharging power density (8.9
± 0.9 W/m2), energy density (2371 ± 254 J/m2), and discharging efficiency (82 ± 5%) with the
HC/LC ratio of 300 were also higher than those with lower HC/LC ratios (Figure 5.8c and
Figure 5.8d). The higher discharging efficiency at higher HC/LC ratios could be due to the
larger charging and discharging currents, which enabled faster charging/discharging and thus
less self-discharging during the charging and discharging processes (Hatzell et al., 2014).
Additionally, the transfer and immigration of Cl- were enhanced by the larger cell voltage and
the higher salinity gradient, which reduced the internal resistances of the cell (Liang et al.,
2011). These results demonstrated that the bio-CFC can be used to recover SG energy from
high salty water (e.g., brines).
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Figure 5.8 (a) The peak charging current and final charging voltage, (b) the peak discharging
current and peak discharging voltage, (c) the peak and average discharging power densities,
and (d) the energy density and discharging efficiency of the CFC in the bio-CFC in response
to different HC/LC ratios (HC/LC = 10, 30, and 300).

The charging level of the CFC, will increase with the charge time as more charges are
stored in the cell (Ye et al., 2014), (Brogioli, 2009). Theoretically, the charge capacity of
CuHCF electrodes is in the range of 50~86 mAh g-1 (180~309 C g-1) at an 1 hour discharge
rate (1 C) depending on the crystal structures of CuHCF (Jiang et al., 2017; Wang et al., 2019a).
Here, we controlled to charge the CFC to different final charging voltages with difference
charging time (0.30 V with ~100 s, 0.35 V with ~150 s, 0.40 V with ~200 s, and 0.45 V with
~350 s). When the charging time increased from ~100 s to ~350 s (external resistance = 6 Ω
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and HC/LC = 30), the peak charging current did not change but the final charging voltage
increased from 0.30 ± 0.01 V to 0.45 ± 0.02 V (Figure 5.9a). The peak charging currents were
similar because of the same operation conditions for the bio-CFCs except for increasing
charging time (Figure 5.9a). The final charging voltage increased because the charges stored in
the CFC increased from 0.11 ± 0.01 C to 0.28 ± 0.03 C calculated by integrating the charging
current with the charging time (Figure 5.9a). The peak discharging current and voltage both
increased as the charging time (45 ± 3 mA and 0.27 ± 0.02 V after ~350 s charging vs. 34 ± 2
mA and 0.19 ± 0.02 V after ~100 s charging) (Figure 5.9b). Correspondingly, the peak power
density (42 ± 2 W/m2 after ~350 s charging vs. 19.3 ± 0.2 W/m2 after 100 s charging), the
average power density (5.0 ± 0.3 W/m2 after ~350 s charging vs 2.6 ± 0.2 W/m2 after ~100 s
charging) (Figure 5.9c), and the energy density (1020 ± 45 J/m2 after ~350 s charging vs. 478
± 4 J/m2 after ~100 s charging) (Figure 5.9d) also increased with the charging time as more
charges were stored in the CFC with longer charging time (Kim et al., 2017). However, the
discharging efficiencies dropped from 97 ± 2 % to 77 ± 3 % when the charging time increased
from ~100 s to ~350 s (Figure 5.9d), probably caused by more self-discharge of the CuHCF
electrodes and the ohmic energy losses in heat over the external resistance with longer charging
time (Wang et al., 2019a; Ye et al., 2014).
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Figure 5.9 (a) The peak charging current and final charging voltage, (b) the peak discharging
current and peak discharging voltage, (c) the peak and average discharging power densities,
and (d) the energy density and discharging efficiency of the CFC in the bio-CFC in response
to different charging time (100s, 150s, 200s, and 350s),

5.3.4. Performance of a compact bio-CFC system
We also tried to integrate the CFC inside the BES, called the compact bio-CFC system
(Figure 5.10). In the compact system, a Na-ion CFC was inserted in the middle of a BES. The
CFC and BES chambers were separated by a pair of cation exchange membranes (CEMs),
called the compact CEM bio-CFC, or separated by a pair of anion exchange membranes
(AEMs), called the compact AEM bio-CFC. The membranes prevented electrolytes mixing but
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allowed ions transferring between the CFC and BES chambers, which also served as the
support of the CFC chambers to sustain the volumes of the water channels. During the charging
process (Step I), an external resistance of 10 Ω was connected between the anode and the
cathode of the BES and an external resistance of 6 Ω was used between the anode and the
cathode of the CFC. The voltages of the external resistors, the BES, and the CFC were
monitored using a potentiostat. During the discharging process (Step II), the anode and the
cathode of the BES were disconnected (open circuit) and the CFC was discharged at an external
resistance of 6 Ω after the pathways of HC and LC solutions were switched. More details on
the configuration and operation of the compact bio-CFC systems are given below:
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Figure 5.10 The configuration of the compact bio-CFC system with the CFC chambers inserted
into the electrical field of the BES: (a) during the charging process (Step I), the CFC anode was
connected to the CFC cathode and the BES anode was connected to the BES cathode via
external wires with two closed circuits formed, and (b) during the discharging process (Step
II), the BES circuit was turned to open-circuit while the CFC circuit was still closed, and the
HC and LC solutions in the CFC chambers were switched. (c) A photo of the compact bio-CFC
configurated in the lab.
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The compact bio-CFC was built by inserting a CFC physically in the middle of a BES to
obtain the compact configuration. The CFC was the same as that of the CFC in the bio-CFC,
which has two identical CuHCF electrodes and two water channels that were separated by a
piece of anion exchange membrane (AEM) in the middle. The solutions in the CFC water
channels were 30g/L NaCl solution (HC) and 1 g/L solution (LC) with a HC/LC ratio of 30,
which were flushed by a peristaltic pump at the flow rate of 15m L /min. The BES was
originally a single chamber microbial fuel cell reactor but separated by the CFC in the middle
into a anode chamber and a cathode chamber. Each of the BES anode and cathode chambers
have a cylindrical space (14 mL). The anode chamber was configurated with a graphite carbon
brush (7 cm2) and the cathode chamber has an air cathode (7 cm2). The configuration of the
BES in the compact bio-CFC was the same as that of the BES in the bio-CFC. The BES anolyte
and catholyte were both 50 mM phosphorus buffer solution (PBS) containing 1g sodium acetate,
4.28 g Na2HPO4, 2.13 g NaH2PO4, 0.31 g NH4Cl, 0.13 g KCl, and trace vitamins and minerals
per liter. The CFC and BES chambers in the compact bio-CFC were separated by a pair of
cation exchange membranes (CEMs) or a pair of anion exchange membranes (AEMs) to test
the performances of the different ion exchange membranes. The membrane could prevent the
CFC and BES electrolytes mixing but allow ions transferring between the CFC and BES
chambers, which also served as the support of the CFC chambers to sustain the volumes of the
water channels.
The operation of the compact bio-CFC included two steps. During the charging process
(Step I), an external resistance of 10 Ω was connected between the anode and the cathode of
the BES and an external resistance of 6 Ω was used between the anode and the cathode of the
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CFC. The voltages of the external resistors, the BES, and the CFC were monitored using a
potentiostat. During the discharging process (Step II), the anode and the cathode of the BES
were disconnected (in open circuit) and the CFC was discharged at an external resistance of 6
Ω after the pathways of HC and LC solutions were switched. The schematic figures and the
picture of the compact bio-CFC are shown in Figure 5.10.
The compact CEM bio-CFC had a peak discharging power density of 1.1 ± 0.1 W/m2 with
a peak discharging voltage of 0.04 ± 0.01V (Figure 5.11a) and the compact AEM bio-CFC has
a peak discharging power density of 5.0 ± 0.3 W/m2 with a peak discharging voltage of 0.09 ±
0.01V (Figure 5.11c). All of them were lower than those of the above bio-CFC (42 ± 2 W/m2
and 0.27 ± 0.02 V). The results indicated that the compact configuration is not an effective way
to integrate the BES and the CFC for efficient SG energy recovery. A possible explanation
could be that the cations (e.g., NH4+ and K+) in the BES electrolyte of the compact CEM bioCFC transferred through CEMs and competed with Na+ for intercalation on the CuHCF
electrodes (Hatzell et al., 2014). As a result, the compact AEM bio-CFC had a higher power
density (5.0 ± 0.3 W/m2, Figure 5.11c) than the compact CEM bio-CFC (1.1 ± 0.1 W/m2, Figure
5.11a) probably due to less cations transportation to interfere Na+ intercalation (Hatzell et al.,
2014). Additionally, the performance of the compact bio-CFC could be negatively affected by
the weak support of CEM or AEM compared to the above bio-CFC with firm plastic endplates.
The membranes were observed to inflate into the BES chambers when HC/LC solutions flowed
through the CFC water channels. This inflation could reduce the water flow speed and the mass
transfer between the solutions and the CuHCF electrodes (Kim et al., 2017). Additionally, the
BES in the compact CEM bio-CFC (0.017 V and 0.04 W/m2, Figure 5.11b) and the compact
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AEM bio-CFC (0.023 V and 0.07 W/m2, Figure 5.11d) also obtained lower peak voltages and
power densities compared to the BES in the above bio-CFC (0.45 ± 0.02 V and 0.9 ± 0.1 W/m2)
during the charging process. The reason could be that the insertion of the CFC greatly increased
the internal resistance of the BES and caused more energy loss (Zhu and Logan, 2013).

Figure 5.11 (a) The cell voltage and power density of the CFC in the compact CEM bio-CFC,
(b) the cell voltage and power density of the BES in the compact CEM bio-CFC, (c) the cell
voltage and power density of the CFC in the compact AEM bio-CFC, (d) the cell voltage and
power density of the BES in the compact AEM bio-CFC. The blue background indicate the
charging step and the yellow background indicate the discharging step.

5.4. Discussion
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The peak discharging power density of the bio-CFC (42 W/m2) was much higher than
those of single CFCs (3.7-12.6 W/m2) (Kim et al., 2017) and other SG energy recovery
technologies (PRO 1.6-10.6 W/m2 (Achilli and Childress, 2010; Chou et al., 2012; Ramon et
al., 2011), RED 0.3-3.5 W/m2 (Moreno et al., 2016; Post et al., 2007; Yip et al., 2014), and
CapMix 0.04-0.4 W/m2 (Sales et al., 2010)) when using synthetic seawater (30 g/L NaCl) and river
water (1 g/L NaCl), mainly attributed to the synergistic effects between the BES and the CFC.
The BES posted an extra capacitive potential on the CFC electrodes (CuHCF), which
significantly enhanced the Na+ intercalation and deintercalation on the CuHCF electrodes and
the Cl- transportation across the membrane. On the other hand, the CFC also reduced the
electrode barriers of the BES for redox reactions and improved the electricity generation of the
BES. As a result, the bio-CFC system obtained a much higher power density than other
previously reported SG harvesting technologies. Moreover, the bio-CFC used wastewater for
sustainable energy supply with simultaneous water treatment benefits.
The bio-CFC also achieved much higher power density (41.9 W/m2) than other BES
combined SG energy recovery systems, such as the BES-capacitive mixing (BES-CapMix)
system that had the BES and CapMix chambers separated by a pair of AEM and CEM showing
a peak power density of 0.5 W/m2 (Hatzell et al., 2014), the force-charged capacitive mixing
cell by BES (force-charged BES-CapMix) that directly connected a BES to the CapMix cell
with external wires and the power density increased from 0.7 W/m2 (CapMix) to 7.6 W/m2 by
passively charging capacitive electrodes (Hatzell et al., 2014), and the BES-RED system that
incorporated a RED into a BES and obtained a peak power density of 5.6 W/m2 (Cusick et al.,
2012). The reasons could be that (i) the CuHCF electrodes used in the bio-CFC stored charges
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into the electrode body via faradaic reactions while the carbon electrodes in the BES-CapMix
system and the force-charged BES-CapMix system stored charges by forming electrical double
layers on the electrode surface(Hatzell et al., 2014); (ii) the CFC in the bio-CFC can generate
higher power density than that of the RED in the BES-RED system (10.6 W/m2 vs 2.10 W/m2)
due to the combination of the faradic electrode potential with the Donnan potential (Cusick et
al., 2012); and (iii) the synergetic effects between CFC and BES also significantly contributed
to the high power density of the bio-CFC by improving both the performances of the CFC and
the BES in the bio-CFC.
The performance of the bio-CFC can be further improved by optimizing the CFC electrode
materials, such as the porosity (Singh et al., 2019), electronic structure (Ikeshoji, 1986), and
conductivity (Jiang et al., 2017). The porosity of electrodes is closely related with the ion
storage capacity. Nano-scale porous structures have been found more efficient for charge
storage than large pores (Singh et al., 2019). The electronic structure represents the motion of
electrons in atoms or molecules (Ikeshoji, 1986), which determines the framework of the
material for insertion or extraction of ions (Ikeshoji, 1986). Different fabrication methods have
effects on the electronic structure of electrode materials. A co-precipitation method that added
CuHCF precursors dropwise into an excess Cu2+ solution resulted in more crystal framework
compared to that with no Cu2+ (Wessells et al., 2011). Another study made graphene modified CuHCF
and obtained enhanced insertion/extraction of cations due to the three-dimensional open
framework (Jiang et al., 2017). The conductivity influences the internal resistance of the
electrodes. Surface modifications can significantly improve the electrode conductivity (Jiang
et al., 2017). Strategies such as applying polymer or graphene layers have been applied to
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modify carbon materials (Mao et al., 2018; Srimuk et al., 2017; Tong et al., 2018). In the future,
applying these methods to modify the CFC electrodes would be attractive to enhance the
electrode conductivity and improve the power output (Zhu et al., 2018) (Singh et al., 2019).
The BES can not only enhance the power output of the CFC for efficient SG energy
recovery, but also treat wastewater and recover energy from wastewater. Other renewable and
clean energy resources (e.g., solar, wind, and heat) could also integrate with the CFC to boost
the recovery of SG energy. The cumulative installed capacity of solar energy was 645 GW/year
according to the Global Market Outlook (GMO) (Europe, 2019). The wind and solar together
have the potential of over 12.7 TW/year (by fuel type-Exajoules and Emissions, 2006). They
are very powerful for application if efficiently extracted. The heat energy in wastewater,
accounting for 20%-50 % of industrial energy input (Johnson et al., 2008), is also very
promising to be used to enhance the SG energy harvest (Johnson et al., 2008). Moreover, the
incorporation of the CFC with renewable energy sources can compensate the fluctuations of
solar and wind energies during night and calm day.
5.5. Conclusions
When a BES is properly connected the CFC with external conductive wires, it can
significantly enhance the SG energy recovery of the CFC. In the bio-CFC, the CFC functioned
as a capacitor. Driven by the bioelectrochemical current, an additional capacitive electrode
potential was developed on the CFC electrodes (CuHCF), which enhanced the Na+ intercalation
/ deintercalation processes on the CuHCF electrodes and the mass transfer in the CFC.
Additionally, the BES also benefited from the CFC due to its capacitive functions. As a result,
the bio-CFC system obtained a peak power density of 42 W/m2 (average = 5 W/m2) during the
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discharging process, which was three times higher than a single CFC and much higher than
other SG energy recovery technologies. This study provides a cost-effective way to enhance
the SG energy recovery.
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CHAPTER 6. OVERALL CONCLUSIONS AND RECOMMENDATION
FOR FUTURES
Overall, these chapters explored novel (photo) bioelectrochemical systems for efficient
nutrients N, P, and S recovery, electricity production, and H2 generation with the combination
of renewable solar energy or salinity gradient energy sources. The systems included the new
resource recovery microbial fuel cell (RRMFC) for electricity generation and N, P, and S
resources recovery in Chapter 2. Based on the RRMFC that utilized oxygen gas on the cathode
for oxygen reduction reaction, the microbial electrolysis cell (MEC) with the new Mo2N
nanobelt cathode was developed in Chapter 3 for H2 production at the cathode. To further
reduce the energy consumption for H2 production and obtain self-sustainability, the new solar
microbial electrolysis cell (solar-MEC) with dual photoelectrodes and a bioanode were
proposed in Chapter 4. At last, the novel biological concentration flow cell (bio-CFC) to harvest
energy from wastewater and salinity gradient for high electricity generation performances was
reported Chapter 5.
In Chapter 2, the resource-recovery microbial fuel cell (RRMFC) can not only remove
urea, organics, and ions, but also recover N, P, and S nutrients and salts from the synthetic
urine-containing wastewater. The urea removal efficiency reached 99% and the COD removal
efficiency was 97% with high removal rates of sodium acetate, histidine, and creatinine. Both
of the SO42- and PO43- removal efficiencies were 99%. At the same time, the RRMFC recovered
68% of total nitrogen, 40% of PO43-, 45% of SO42-, and 41% of total salts. Except for the high
removal and recovery efficiencies, the RRMFC also showed distinct advantages, such as no
external energy consumption, compact reactor design, and easy operation. The technology was
helpful to advance the development of converting wastewater into useful fertilizers for plant
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growth.
The Chapter 3 studied a microbial electrolysis cell (MEC) system for H2 production from
wastewater with a little external electricity bias (0.8 V). The MEC had similar anodes to the
RRMFC in Chapter 2 except that the cathode was inexpensive and efficient Mo2N nanobelt
cathodes for H2 production. The Mo2N nanobelt cathodes showed similar catalytic activities
for H2 evolution compared to that of Pt/C (10 wt.%). The H2 production rates (0.39 vs. 0.37
m3-H2/m3/d), coulombic efficiencies (90% vs. 77%), and overall hydrogen recovery (74% vs.
70%) of MECs with the Mo2N nanobelt cathodes were comparable to those with Pt/C cathodes
but the cost of Mo2N nanobelt catalyst ($ 31/m2) was much less than that of Pt/C catalysts
($ 1930/m2). Furthermore, the biofilm microbiomes at electrodes were studied using the PacBio
sequencing of full-length 16S rRNA gene. Stenotrophomonas nitritireducens as a putative
electroactive bacterium dominating the anode biofilm microbiomes. The majority of dominant
species in the Mo2N and Pt/C cathode communities belonged to Stenotrophomonas
nitritireducens, Stenotrophomonas maltophilia, and Comamonas testosterone. The dominant
populations in the cathode biofilms were shaped by the cathode materials. This study
demonstrated Mo2N nanobelt catalyst as an alternative to Pt catalyst for H2 production in MECs.
To further reduce the electricity consumption and achieve self-sustainability of H2
production using BESs, a new solar microbial electrolysis cell (solar-MEC) was proposed in
Chapter 4. The solar-MEC was equipped with a Fe2O3 photoanode, a bioanode, and a blacksilicon (b-Si) photocathode, which demonstrated self-sustainable H2 production from
wastewater without external bias. In the solar-MEC, the Fe2O3 photoanode and b-Si
photocathode provided a proper potential for O2 or H2 production through solar energy
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conversions. The bioanode in the solar-MEC played a significant role by using organics in the
wastewater and reduced the overall reaction voltage from -1.23 V to -0.12 V. The connection
of the bioanode ensured the Fe2O3 photoanode a more negative potential to overcome the
reaction barrier. The b-Si photocathode induced H2 production using the photoelectrons and
the holes were compensated by the electrons from the photoanode and bioanode. The solarMEC achieved the current density of 0.8 mA/cm2 and the H2 production rate of 5.1 µmol/h/cm2
using pH neutral wastewater under 1 sun irradiation. This study demonstrated a new strategy
for unassisted electricity generation and unassisted H 2 production from wastewater.
The Chapter 5 presented a concentration flow cell (CFC) powered by a bioelectrochemical
system, defined as a bio-CFC, to efficiently recover energy from wastewater, synthetic
seawater (30 g/L NaCl), and river water (1 g/L NaCl). Salinity gradient (SG) energy is a
renewable energy source with an enormous amount that exists from mixing waters with
different salinities worldwide. In the bio-CFC, the CFC functioned as a capacitor to recover
SG energy. Driven by the bioelectrochemical current, an additional capacitive electrode
potential was developed on the CFC electrodes (CuHCF), which enhanced the Na + intercalation
/ deintercalation processes on the CuHCF electrodes and the mass transfer in the CFC. At the
same time, the BES also benefited from the CFC due to its capacitive functions. The maximum
power density of the bio-CFC reached 42 ± 2 W/m2, which was three times higher than that of
a single CFC (10.6 ± 0.1 W/m2) and much higher than other SG energy recovery technologies.
The performance of the bio-CFC can be further improved by optimizing the CFC electrode
materials, such as the porosity, electronic structure, and conductivity. This cost-effective
strategy provides a promising way to harvest electrical energy from seawater and wastewater.
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These studies demonstrated the advantages of using different bioelectrochemical systems
for simultaneous wastewater treatment, electricity generation, and H2 productions. Combining
renewable solar energy and salinity gradient energy sources, the system performances can be
further improved and self-sustainable H2 production can be achieved. Considering that the
cumulative installed capacity of solar energy was 645 GW/year according to the Global Market
Outlook (GMO); the wind and solar together have a potential of over 12.7 TW/year; and the
heat energy in wastewater accounts for 20%-50 % of industrial energy input, more renewable
energy sources would be powerful to improve the performances of bioelectrochemical systems
if they are more efficiently extracted. Future designments of different BESs configurations
would be very promising for the energy and resources recovery from wastewater when
combined with other renewable and clean energy resources (e.g., solar, wind, and heat) in
efficient ways.
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